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Abstract
Ischaemia-reperfusion injury (IRI) is an unavoidable consequence of deceased-donor kidney
transplantation that has a profound effect upon both immediate and long-term graft function.
Disruption to microvascular perfusion (MVP) and tissue oxygenation (PtO2) are central to
the development of IRI, but detailed regional pathophysiology remains unresolved in the
context of renal transplantation.
Normothermic machine perfusion (NMP) is a novel preservation technology that aims to
improve pre-implantation kidney quality, but may also be used experimentally to investigate
transplant reperfusion. My PhD set out to determine the optimal perfusion conditions to
improve kidney quality, and to investigate the underlying heterogeneity in pathophysiology
within regions of the kidney which may impact kidney quality.
Firstly, we used a porcine model of donor kidney retrieval, NMP, and simulated reperfusion
to test the hypothesis that reducing current NMP perfusate oxygenation (PPO2) from super-
oxic levels would improve renal function and reduce reperfusion injury. In kidneys exposed
to either short or long cold ischaemic times, reducing PPO2 from the clinical standard to
normoxic or hypoxic PPO2 altered oxygen kinetics during NMP but did not influence tubular
function, clearance, urine output, or biomarkers of renal injury during simulated reperfusion.
Secondly, we used porcine and human models of transplant reperfusion to test the hypoth-
esis that the renal medulla would be disproportionately affected by tissue hypoperfusion,
viii
hypoxia and acute inflammation. In a porcine reperfusion series, PtO2 and MVP were
significantly altered following IRI when compared to pre-ischaemic baselines, with greater
variation and heterogeneity seen in the medulla than in the cortex. In a human reperfusion
series, there was widespread initial microcirculatory disruption, persistent lower medullary
PtO2 and a distinct medullary inflammatory environment.
In summary we have described novel porcine and human renal medullary physiology
and inflammation during transplant reperfusion that highlight the need for medulla-specific
strategies to ameliorate IRI. We have further determined changes to renal physiology and
injury in response to perfusate oxygenation in a novel preservation technology that may
guide clinical implementation.
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Chapter 1
Introduction
1.1 Introduction and project rationale
In the space of half a century, kidney transplantation has advanced from being experimental
science to a mainstay of modern clinical practice. Transplantation is now well-established as
the definitive treatment of end-stage renal failure (ESRF), and practice continues to grow
year-on-year worldwide.
Despite advances in dialysis and strategies to avert ESRF, demands for kidney transplanta-
tion continue to rise as a growing global burden of diabetes and hypertension precipitates a
rising tide of nephropathy [128]. To counter the rise in kidney transplantation (KT) demand
a number of strategies have been trialled, including transplanting organs from older donors,
donation after circulatory death, and utilising organs that may have sustained greater injury
during prolonged transit to the recipient’s centre. Together this has been called ‘expansion of
the donor pool’.
A central focus for transplantation science is the unavoidable ischaemia-reperfusion injury
(IRI) sustained during KT, particularly by deceased donor organs. Ischaemia-reperfusion
2 Introduction
injury has a profound impact upon the immediate and long-term function of transplant
kidneys; any approach to increase successful donation must address IRI, as most of the
kidneys in the expanded pool have either increased susceptibility or exposure to ischaemia.
One area of practice that has changed little since the advent of transplantation is the
preservation of deceased donor organs during transit from donor to recipient. Static cold
storage (SCS) has long been the preferred method as it is quick, cheap and reliable. However,
it permits only limited organ assessment and it is known that organs deteriorate during this
period of hypothermic ischaemia [136].
Normothermic machine perfusion (NMP) is a novel preservation technology that aims
to improve the quality and success of KT through improving pre-transplant reconditioning,
assessment, and direct delivery of therapeutics. Whilst it has been demonstrated in a clinical
series that NMP may reduce rates of delayed graft function [124], questions remain over the
optimal conditions for kidney perfusion, and how best to assess kidneys during perfusion
[87]. Alongside bringing potential benefits to clinical practice, the NMP model may be run
as an ex-vivo model of reperfusion injury, and thus may be a valuable tool in interrogating
mechanisms during transplantation IRI (TIRI).
Intricately linked to the problem of TIRI is renal oxygenation. Normothermic machine
perfusion is postulated to ameliorate TIRI through restoration of cellular metabolism and
replenishment of adenosine triphosphate (ATP). For historical reasons, most NMP circuits
deliver a supra-physiological oxygen tension to the kidney. However, there is an increasing
focus upon the negative effects of over-oxygenation in disease states involving IRI, amid
fears that excess oxygen during ischaemia and subsequent reperfusion may worsen injury
through production of harmful reactive oxygen species (ROS). Thus, optimising oxygen
delivery to the allograft during NMP may prevent further injury.
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During IRI, damage to the highly specialised renal circulation plays a central role in
initial tissue injury; experiencing a breakdown of integrity and autoregulation that causes
acute kidney dysfunction, promotes further acute damage and hampers organ recovery.
Whilst the cortex receives a quarter of cardiac output the renal medulla remains on the edge
of hypoxia as a necessity for solute concentration [31], a situation that leaves the outer
medulla exceptionally vulnerable to ischaemic damage. Whilst this has been demonstrated
experimentally, studying the renal medulla in-vivo is challenging, and little is known about
the human renal medulla, and even less about the allograft medulla. It is not known, for
example, the relative extents to which cortical and medullary perfusion and oxygenation
are affected by TIRI; nor whether regions exhibit specific inflammatory patterns that may
reveal underlying pathophysiology and thus offer therapeutic targets. One promising tool in
assessing medullary function may be the urine oxygen tension, as this is thought to equilibrate
with the inner medullary parenchyma [54].
The overall aims of this project are to use the normothermic machine perfusion of porcine
and human kidneys to address gaps in our knowledge surrounding optimal allograft oxygena-
tion during NMP and patterns of regional oxygenation, perfusion and inflammation during
transplant reperfusion.
1.2 Methods of organ donation in the United Kingdom
1.2.1 Living donation
Uniquely for a solid organ, whole kidneys may be procured for transplantation from living
donors. Living donor (LD) kidney transplantation is considered by many to be the gold
standard for patients with end-stage renal failure. It offers a number of advantages over
deceased organ donation, predominantly prolonged recipient and graft survival [16].
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Elective organ retrieval and implantation permit recipient desensitisation (and thus im-
munologically incompatible transplant), pre-emptive surgery prior to starting dialysis (and
all the associated risks and costs) and consideration of recipients who wouldn’t be suitable
for emergency surgery [141]. Living donor organs further avoid the complex multi-organ
failure that occurs after brainstem death in DBD organs, and the ischaemic insults that affect
DD organs, especially donation after cardiac death (DCD) [58]. However, living donors are
at a higher risk of end-stage renal disease, and as the donor pool expands to include donors
previously considered too high-risk, the validity of long-term data becomes less clear and
less is known about the long-term risks for this current cohort [61].
Furthermore, stringent tests must be passed to ensure that the risks to the donor in terms
of ill health, loss of earning and psychological harm are balanced with the potential benefits
of the recipient in an ethical manner [141].
1.2.2 Donation after death
Whilst the initial successful cases relied upon living-related transplant between identical
twins, in effect an auto-transplant, the seminal work of Medawar, Starzl and others in the
mid-20th century paved the way for the allotransplantation of organs from non-related donors
[57]. Following this breakthrough, deceased donors rapidly became an invaluable source of
transplant kidneys. Today, the majority of kidney transplantation operations in the UK use
organs from deceased donors [6]. Deceased donors are often geographically distant from
potential recipients, and organs from one donor may go to multiple recipients. A form of
organ preservation is therefore required to maintain kidney integrity during transport and
allocation. Current methods of static cold storage (see below) mean that DBD organs sustain
an additional period of cold ischaemic injury when compared to LD kidneys.
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Donation after brainstem death
Donation after brainstem death (DBD) is the mainstay of transplant organ supply in the UK.
DBD donors are more likely to donate multiple transplantable organs and until relatively
recently have been the primary source for donor hearts [114].
Brainstem-dead donors have sustained severe, non-reversible neurological injury that has
caused a cessation of brainstem function, and are therefore deeply unconscious, apnoeic, and
require mechanical ventilation. Two qualified clinicians are needed to separately conclude
that a potential donor has brainstem death by ruling out reversible causes, confirming apnoea
and the absence of brainstem reflexes [129]. Continued organ support during donor work-up
and retrieval allows optimisation of the donor organs and a reduction of the critical warm
ischaemic retrieval period. Such optimisation is necessary because physiological changes
following brainstem death including cardiorespiratory instability, hypothalamic failure and
the autonomic storm can adversely influence donor organ function and likelihood of rejection.
Whilst DBD organs remain the majority, deceased donor demographics are changing.
With progress in road safety legislation and management of conditions that may lead to brain
death, potential donors are now more elderly and may harbour more medical co-morbidities,
meaning both that the number of DBD donors and the gap in outcomes compared to DCD
organs may be in decline [121].
Expanded criteria donors
As average donor age and chronic disease burden increases, there has been the creation of
so-called expanded criteria for the consideration of higher risk donors. Expanded criteria
donors (ECD) are defined as any deceased donor aged over 60, or aged over 50 with at least
two of the following three criteria: serum creatinine greater than 133µmol/L, a history of
hypertension or death from ischaemic stroke [117]. To compound higher donor risk factors,
ECD kidneys may be subject to longer CIT than standard criteria donor (SCD) kidney
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counterparts, possibly due to difficulties in recipient matching. Despite a rapid increase in use
of ECD kidneys throughout the UK and Europe, and the fact that an ECD kidney transplant
affords survival benefit versus dialysis, rates of graft loss are higher compared to standard
criteria donor organs, and cautious allocation is required to maximise graft survival [14].
Donation after circulatory death
Donation after circulatory death (DCD) describes organ donation following withdrawal of
life-supporting measures and circulatory arrest. There has been a rapid expansion in the
number of DCD kidneys transplanted in the UK over the past 15 years, which looks set to
increase further [88].
Whilst protocols exist for the rapid retrieval of organs from donors who arrest out-of-
hospital or in the emergency department (so-called uncontrolled donors, Maastricht categories
I and II), in the United Kingdom only donors for whom treatment withdrawal and progression
to arrest can be controlled (Maastricht category III-V) are considered [96]. In practice, this
equates predominantly to patients who sustain severe, non-survivable brain injury but do not
meet brainstem death criteria [6].
Because life-supporting measures must be withdrawn and cardiac death confirmed prior
to commencement of retrieval, there are differences with DBD organs in terms of retrieval
technique. There follows an unavoidable period of warm ischaemia during a five-minute
standoff period between confirmation of death and the start of the retrieval, which continues
once the rapid retrieval has begun until the abdominal compartment is cooled with ice and
organs flushed with cold preservation solution. The time between treatment withdrawal and
circulatory arrest is variable, posing logistical challenges for retrieval teams and potentially
adding to organ ischaemia as end-organ perfusion may be compromised by fluctuating blood
pressure [112].
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Whilst DCD kidneys have higher rates of delayed graft function, defined as a need for
dialysis in the first 7 days post-transplant, analysis in the UK suggests that 5-year outcomes
for DCD kidneys are comparable to those from DBD kidneys [160].
1.3 Ischaemia-reperfusion injury in transplantation
The process of transplantation represents a significant, multiform and complex insult to
kidney integrity. Retrieval, storage and implantation of a kidney may each cause potential
harm to a graft that may have longstanding effects.
1.3.1 Ischaemia-reperfusion injury
Ischaemia-Reperfusion injury (IRI) is an unavoidable consequence of transplantation, and
has a pivotal role in affecting the outcome of deceased donor organs.
The phenomenon of IRI describes the pattern of cellular and vascular injury sustained
following a period of minimal blood flow and the subsequent restoration of blood flow.
Paradoxically, much of the injury, sustained on a sub-cellular, cellular and vascular level,
manifests after the return of blood flow [71]. The injuries sustained can be divided into that
sustained during ischaemia and during reperfusion.
The hypoxia that follows ischaemia has an immediate effect on cellular metabolism, as
without oxygen as the final acceptor in the electron transport chain, oxidative phosphoryla-
tion is unable to occur. Metabolism is shunted largely to the anaerobic glycolytic pathway,
markedly reducing the net production of adenosine triphosphate (ATP) and adenosine diphos-
phate (ADP) [145]. Reductions in ATP and ADP limit the functioning of the transmembrane
Na-K ATPase pump responsible for maintaining the high-sodium, low-potassium compo-
sition of extracellular fluid. Cells become hypernatraemic and hypercalcaemic, further
damaging mitochondria and other organelles and promoting the formation of reactive oxygen
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species (ROS). As the extracellular osmolality falls, fluid is drawn intracellularly by the
higher oncotic pressure, causing cellular oedema and rupture. Anaerobic glycolysis further
causes intracellular acidosis through the production of lactate and hydrogen ions [23]. The
cessation of oxidative phosphorylation causes a build-up of the citric acid cycle intermediate
succinate due to reversal of complex II (succinate dehydrogenase) [38].
Upon reperfusion, cellular deoxygenation prompts a rapid complex II reversal, driving
mitochondrial ROS production [38]. A burst of ROS and reactive nitrogen species production
causes mitochondrial dysfunction and permeability transition pore (mPTP) opening, leading
to further cytoplasmic calcium influx and cellular apoptosis and necrosis [155].
Endothelial cells (critical mediators of vascular tone, leukocyte function, and smooth
muscle responsiveness) are damaged early in IRI, losing complete integrity within hours in
rodent models [26]. Cellular hypoxia and oxidative stress break down cadherin-mediated
intercellular adhesion and tight junction integrity, causing increased capillary leakage and
interstitial oedema. Endothelial nitric oxide synthase (NOS3) activity is reduced (as evi-
denced by reduced post-ischaemic reactivity to bradykinin and acetylcholine), especially
in the renal medulla [21], and small arterioles become hyperresponsive to increased tissue
levels of endothelin-1, angiotensin II, thromboxane A2, prostaglandin H2, leukotrienes C4
and D4, and adenosine as well as sympathetic nerve stimulation, all of which promote vaso-
constriction [26]. The damaged vascular and tubular epithelial cells release proinflammatory
damage-associated molecular patterns (DAMPs), cytokines such as IL-4, IL-6, interferon-γ
and tumor necrosis factor-α [145]. There is upregulated expression of adhesion molecules
such as ICAM-1, Toll-Like Receptors (TLRs) and hypoxia-inducible factors (HIF) that
enhance leukocyte-endothlial attraction and interaction. Activated macrophages foment a
vicious pro-inflammatory environment that promote further cellular recruitment and vasocon-
striction through the release of vasoactive cytokines such as interleukin (IL) -1β , IL-6, IL-12,
IL-15, IL-18, IL-32, tumour necrosis factor alpha (TNF-α) and endothelin [26].
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The cellular inflammatory response is augmented by activation of complement, resident
tissue macrophages and dendritic cells, and there is subsequent infiltration of a wide range
of systemic leucocytes including T and B cells, Natural Killer (NK) cells, macrophages
and neutrophils [84]. This post-ischaemic population of immune cells inflict much of
the downstream damage upon renal tissue, causing acute tubular necrosis, and promoting
harmful fibrosis. Neutrophils produce ROS, proteases and myeloperoxidases that further
increase vascular permeability and reduce epithelial cellular integrity. Systemic circulating
monocytes infiltrate the renal intersititium, and differentiate into M1-type macrophages and
dendritic cells that respectively produce ROS and inflammatory cytokines, and activate naïve
T cells [26]. Enhanced vasoconstriction together with small vessel occlusion due to capillary
collapse, red cell trapping and activation of the coagulation system, results in persistent or
secondary localised ischaemia, especially in the outer medulla (discussed in greater detail in
section 1.4).
Acute damage caused by cellular dysfunction and the subsequent inflammatory response
can overwhelm repair mechanisms, and cause persistent inflammation, incomplete tubular
repair, fibroblast proliferation and excess extracellular matrix deposition. Localised areas
of tissue hypoxia can persist, especially in the outer medulla, where irreversible loss of up
to 50% of proximal convoluted tubules has been demonstrated experimentally [20]. Thus
IRI can cause chronic renal failure and fibrosis [145]. In the renal allograft, the degree of
ischaemia suffered may have serious implications for both initial function and long-term
survival. The incidence of acute rejection correlates with degree of ischaemic injury in animal
models of solid organ transplantation, possibly through promoting antibody production by
B-lymphocytes [59]. Ischaemic times during transplantation correlate with delayed graft
function (DGF), whereby there is poor initial graft function, which may shorten the lifespan
of a renal graft. Furthermore, the amount and type of ischaemic injury suffered by an organ
is an independent factor for its function [160].
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1.3.2 The renal transcriptome during ischaemia-reperfusion injury
At all levels from the cellular to the anatomical, the kidney is arguably more complex than
most other solid organs. The functional unit, the nephron, is composed of at least 13 distinct
epithelial cell types, with each segment supported by specialised immune cells, stroma
and vasculature [134]. This manifold complexity has hampered efforts to understand both
renal physiology and the pathophysiology of renal disease, including transplant ischaemia-
reperfusion injury. The heterogeneity of the kidney has made it challenging to identify
cell- or even tissue-specific associations with known pathophysiological events such as ROS
production, especially in a dynamically-evolving environment such as IRI.
However, current and emerging high-throughput nucleic acid sequencing techniques
allow the analysis of multiplexed or total gene expression – transcriptomics – with far greater
granularity than that permitted by older methods.
Transcriptomic profiling along the nephron, by co-localisation of highly expressed tran-
scripts in kidney tissue with antibody expression and histology, is helping to provide com-
prehensive information on gene expression in poorly studied tubular segments – such as
the medullary tubules and the collecting duct – and revealing unforeseen regional gene
enrichments [103, 65].
Within renal transplantation, all the evidence suggests that a single biomarker is highly
unlikely to accurately reflect either the health state of an allograft, nor predict its performance
after transplantation [119]. Examining the renal transcriptome during IRI may highlight
broad, coordinated disruption and dysregulation of cellular and physiological processes that
may not be recognised by more focused assays.
Perhaps the most complete description of transcriptional changes in renal TIRI have come
from Cippa and colleagues, who analysed the transcriptomes of renal allograft cortex biopsies
taken from 42 recipients at four timepoints both pre- and post-implantation. To overcome the
large amount of heterogeneity and individual variation associated with such datasets, they
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employed machine learning techniques to create a composite pseudotime axis upon which to
plot transcriptional changes between pre- reperfusion and later biopsies. In human kidney
and liver and a murine IRI model, Cippa et. al describe dynamic gene expression changes
during early ischaemia reperfusion, with a primary wave of stress response gene (such as
FOS and EGR1) expression peaking at 2 hours followed by transcriptional and inflammatory
regulators (e.g. SOCS3, CCL2) rising at 4 hours and beyond. They further characterised a
key role for mitochondrial dysregulation in promoting progression to fibrosis and chronic
disease [40].
However, whilst aforementioned studies have characterised global or cortical transcrip-
tional changes during IRI, the next-generation sequencing era is yet to impact significantly
on our understanding of ischaemic damage and repair in the renal medulla.
1.4 Perfusion and oxygenation of the human kidney
The renal vasculature is highly specialised and highly unusual. Indeed, it has been said that
there ’...are few vascular beds with such unique anatomical and physiological characteristics
as the renal circulation’[156].
The circulation of most visceral organs is arranged to support organ metabolism, with
anatomy and physiology tightly coupled to oxygen demand. However, the primary functions
of the kidney, haematic filtration and urine formation, necessitate renal blood flow to be far
greater than would be sufficient to just meet metabolic demand. Consequently, whilst the
kidneys represent less than 1% of total body metabolic demand, they receive up to a quarter
of cardiac output [102]. This section will describe the renal circulation oxygenation in light
of this functional paradigm, and explain how this arrangement leads to vastly disparate renal
micro-environments with their own unique challenges in both health and disease.
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1.4.1 The renal macrocirculation
Upon entering the renal sinus, the renal artery divides into interlobar arteries that ascend
between the medullary pyramids to gain the corticomedullary junction (CMJ). Although
proximal, these interlobar arteries are functionally terminal as there are no intersegmental
anastomoses. Arcuate arteries describe the curved bow of the CMJ, giving rise to numerous
cortical radial arteries that penetrate cortical tissue. In contrast, no arteries directly supply the
medulla. Renal veins drain peritubular capillaries at all levels of the cortex and medulla, and
remain closely related to arterial counterparts (as radial, arcuate and interlobar veins) until
the interlobar veins coalesce to form the renal vein at the renal hilum. The cortical radial
arteries and afferent arterioles are the major preglomerular resistance vessels, through which
most of renal pressure-induced autoregulation of GFR and RBF is mediated [33]. Afferent
arterioles arise from smaller cortical radial arteries and supply the glomerular apparatus
which, uniquely amongst vascular beds [97], is then drained by a second serial arrangement
of arteriole and vascular bed, namely the efferent arterioles and peritubular capillaries. Whilst
more superficial efferent arterioles supply cortical peritubular capillaries, juxtamedullary
efferent arterioles descend to the medulla (see Fig.1.1).
Cortical microcirculation and oxygenation
Renal cortical blood flow is the highest recorded, per gram of tissue, in the human body [93].
In the cortex, the afferent arterioles divide into tufts of specialised capillaries that form the
nexus of the glomerulus, the filtration unit of the kidney. Capillary tufts are held together by
mesangium and enclosed by a glomerular basement membrane. The ultrafiltrate collects in
Bowman’s capsule, which opens up into the proximal tubule lumen. To accommodate the
enormous reabsorption of the glomerular filtrate back into the circulation, a dense capillary
network arising from the efferent arteriole enmeshes the proximal and distal convoluted
tubules [131].
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To maintain a constant renal blood flow (RBF) and thus glomerular filtration rate (GFR),
the kidney autoregulates RBF through modulating pre-glomerular renovascular resistance
(RVR). Renal autoregulation ensures that the delicate glomerular structure is protected from
barotrauma arising from systemic arterial hypertension, and protects the tubular apparatus
from fluctuations in GFR that would affect transport processes dependent upon balanced
microenvironments [33]. Fluctuations in systemic arterial pressure are accommodated
through a fast-acting ’myogenic’ response whereby intramural VSMC tone, and thus RVR,
increases proportionally to transluminal pressure gradient. A slower response couples
renal autoregulation to renal metabolism through macula-densa tubuloglomerular feedback
(MD-TGF). Through MD-TGF, the composition of distal tubular fluid regulates blood
flow to the individual glomerulus whence the ultrafiltrate arose. Rising distal tubular Na+
concentration activates macula densa cells in the juxtaglomerular apparatus (situated between
the thick ascending limb and both afferent and efferent arterioles) to mediate afferent arteriolar
contraction through purinergic transmission [98]. Through these paired mechanisms the
kidney exhibits exquisite, localised, bi-directional control over renal blood flow based on
both systemic and local conditions.
As renal filtration is driven by RBF and GFR, renal metabolism increases linearly with
these factors; because of tubuloglomerular feedback it also increases with solute load. Tubular
reabsorption and secretion are highly active processes (comprising 80% of total renal oxygen
consumption [62]) and renal VO2 is second only to myocardium (10 vs 15 ml/min/g), but
because of the hyperperfusion of the renal cortex, renal oxygen extraction is only around
10% (compared to 50% in the heart) [93].
With a low metabolic demand relative to perfusion, cortical tissue PO2 ought to be high,
rendering the cortex hyperoxic and thus susceptible to oxidative stress through the production
of free radicals. However, experimental values for cortical tissue PO2 in mammals range
only from 4-10kPa [93], whilst renal PvO2 remains high. Such a marked drop in PO2 from
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renal artery to cortical tissue, in a highly perfused and vascularised tissue prompted many
to suggest that excess oxygen was functionally shunted through the kidney [50]. Directly
measuring A-V diffusion is extremely technically challenging [123], but several lines of
evidence support the theory of cortical arteriovenous (AV) shunting. Anatomically, the
renal cortical arteries and veins are closely apposed along almost their entire length, and
smaller renal veins exhibit a capillary-like structure consisting only of a flattened, fenestrated
epithelial layer on a basement membrane [97]. Experimentally, Welch and colleagues [169]
demonstrated that murine efferent arteriolar PO2 (average of 6 kPa) was lower than that
in the renal vein (average of 6.2 kPa), suggesting that some of the oxygen in renal arterial
blood diffuses directly to adjacent veins, bypassing the peritubular capillaries; observations
that have been supported by subsequent mathematical modelling [123]. It has further been
hypothesised that gaseous A-V shunting in the renal cortex acts as an ’anatomical antioxidant’
that protects against hyperoxic damage [126].
Medullary microcirculation and oxygenation
The primary function of the renal medulla is to concentrate urine and thereby conserve body
water [122]. The kidney employs a countercurrent mechanism, whereby active sodium trans-
port from the thick ascending limb of the loop of Henle creates an osmolar gradient, allowing
tubular fluid osmolality to rise fourfold against plasma [30]. Thus, the medulla maintains an
axial osmotic gradient from the corticomedullary boundary to the inner medullary tip; whilst
cortical tissue remains isotonic against plasma, the inner medullary tissue is hypertonic [98].
In order to maintain these osmolar gradients, medullary blood flow (MBF) is necessarily
restricted compared to the cortex. The entire medullary circulation is supplied exclusively by
the juxtamedullary efferent arterioles, which divide into descending vasa recta (DVR) as they
enter the medulla. Juxtamedullary glomeruli comprise roughly a tenth of all glomeruli; thus
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whilst a quarter of cardiac output flows into the kidney, only 10% of that even reaches the
renal medulla, and then only after first passing through the cortex [53].
The unique placement of efferent arterioles after a (glomerular) capillary bed continues as
the DVR descend into the medulla. The DVR are functionally similar to arterioles, with mural
VSMC and contractile pericytes that can together change local vascular resistance and thus
flow to the medulla [130]. As DVR approach the papillary tip they become more capillary-
like, with less smooth muscle, and increased pericytes and fenestration before terminating
in a medullary capillary plexus [131]. Arising from terminal plexi are the ascending vasa
recta (AVR). In the same way that cortical venules appropriate capillary features, ascending
vasa recta (AVR) also have a flat, densely fenestrated endothelium [97]. In contrast to the
cortex, the isolated medulla exhibits poor autoregulation to changes in solute load and renal
perfusion pressure, and is reliant upon pre-glomerular autoregulation [33].
The DVR and AVR are clustered into vascular bundles that become encircled by the
collecting ducts and loops of Henle, which are themselves perfused by dense medullary cap-
illary plexus [97]. Functionally, this counterflow arrangement traps NaCl and urea deposited
by collecting ducts and the loop of Henle, thus maintaining the corticomedullary osmotic
gradient. Metabolically however it reduces oxygen and nutrient delivery to deeper tissues as
both can theoretically diffuse from the DVR to capillary-like AVR, thus being shunted back
to the cortex [131, 54, 123]. Most studies of human medullary PO2, using fine-bore Clark
electrodes, suggest that tissue PO2 is between 1-4 kPa, with values inversely related to depth
and homogenous at a given depth (compared to the isohypsic heterogeneity seen in the cortex)
[93]. In the outer medulla (OM), cellular processes are driven by oxidative metabolism,
but in the inner medulla (IM) a significant proportion of metabolism occurs anaerobically
through glycolysis and may contribute to maintaining a hyperosmolar interstitium through
lactate trapping [18]. Despite lower perfusion and oxygenation, solute loading can lead to
high oxygen consumption in the medullary thick ascending limbs (TAL) [31].
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Measuring medullary perfusion and oxygenation
The renal medulla is challenging to study. As a deep, segmented tissue surrounded by highly
vascular cortex, it is difficult to biopsy safely and more challenging to resolve using imaging
techniques [135, 53]. No robust biomarkers for medullary health exist [151].
However, Evans and colleagues have postulated that the urinary oxygen tension (UO2)
may provide a ‘clinical window’ into the health of the renal medulla [54]. It has been demon-
strated that UO2 correlates closely with medullary PO2, likely due to the aforementioned
close anatomical association of the medullary vasa recta and the collecting ducts, and that
UO2 increases during loop diuresis, suggesting that it may accurately reflect reductions in
medullary active transport and therefore oxygen consumption [107, 49].
As medullary hypoxia is a hallmark of injury, it would be expected that urine in the
collecting ducts and thus renal pelvis would equilibrate with the tissue PO2 of the inner
medulla. The renal pelvis is relatively easy to instrument with probes to measure oxygenation.
In experimental models of ovine septic acute kidney injury with simultaneous instrumentation
of both renal medulla and renal pelvis, Evans and colleagues demonstrated that oxygenation
in the renal pelvis changed rapidly with that of the medulla and was responsive to vasoactive
stimuli such as norepinephrine and angiotensin II, that would alter oxygenation of the renal
medulla [101, 100]. Furthermore, continuous bladder UO2 measurement, via an indwelling
catheter with fiberoptic oxygen probe, has been demonstrated during cardiopulmonary bypass
surgery [89] and associated with a rapid prediction of post-operative AKI [174].



































































































































































































































































































































































































































































1.4.2 The renal circulation during ischaemia-reperfusion injury
Pertubation of the renal circulation is central to the onset, development and recovery from
ischaemia-reperfusion injury as discussed in section 1.3. An overall decrease in renal blood
flow (RBF) of approximately 40%–50% has been observed in poorly functioning kidney
transplant allografts [11].
Cortical circulation during ischaemia-reperfusion
Endothelial damage and circulating inflammatory mediators cause heterogenous vasoconstric-
tion in the cortex, meaning that both global RBF, cortical perfusion and GFR fall following
reperfusion [138, 19, 153]. Inadequate sodium reabsorption in the injured proximal parts
of the tubule leads to the macula densa sensing more solute delivery to the distal nephron,
further reducing glomerular filtration through MD-TG feedback [26].
The cortical circulation and function fall dramatically during early reperfusion, with
reduced vascular integrity a central cause of reduced glomerular filtration [21]. Schmitz
and colleagues used intraoperative orthogonal polarization (OPS) imaging to show a het-
erogeneous peritubular capillary perfusion and microvascular thrombosis, resembling the
classic cardiac ‘no reflow’ phenomenon ([70]), during the early reperfusion of human kidneys
following static cold storage [147]. In a porcine model of septic AKI, a similar hypoperfused
state to IRI [32], Lima and colleagues [108] used contrast-enhanced ultrasound (CUES) to
demonstrate dynamic changes to cortical microcirculation during haemodynamic compro-
mise. They reported prolonged contrast enhancement, suggestive of increased transit time
across the microvascular beds and thus reduced flow; and increased baseline enhancement
following a fluid bolus, suggestive of fluid ’trapping’ in the microcirculation.
During IRI cortical PO2 varies little, as cortical oxygenation remains stable despite wide
variations in renal perfusion [30] and in response to both extrarenal changes in perfusion
and intrarenal vasoconstriction and vasodilatation [48, 153]. During mild reductions in
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renal perfusion, cortical tissue can avoid hypoxia because basal oxygen extraction is so low
compared to delivery [48]. Even when changes in DO2 and O2 demand are mismatched in
ischaemia alterations to the cortex may have the capacity to alter gaseous A-V shunting to
further extract delivered oxygen [51] though there is no experimental evidence for this.
Medullary circulation during ischaemia-reperfusion
Blood flow to the outer medulla is reduced disproportionately to the reduction in total kidney
perfusion in animal models of AKI [44]. As all MBF arises from post-glomerular efferent
arterioles, the pathological pre-glomerular vasoconstriction that reduces GFR and cortical
blood flow will also directly reduce MBF. Furthermore, it is likely that vasoconstriction of
DVR (whose diameter is only just greater than erythrocytes [131]) in response to the altered
endothelial microenviroment is central to promoting medullary hypoperfusion and hypoxia
[102]. Moreover, localised vascular plugging due to altered rheology [72], oedema and the
intrinsic lack of local autoregulation [33] compound the low-flow and low-oxygen state.
Furthermore, unlike the inner medulla, the S3 proximal tubule (pars recta) and medullary
thick ascending limb (TAL) of the outer medulla are exquisitely sensitive to further reductions
in PO2 as cells cannot convert from oxidative to glycolytic metabolism [31, 122]. Thus, the
greatest tissue hypoxia and cellular damage appears to occur in the outer medullary tissue
[8, 20].
Circulatory recovery following ischaemia-reperfusion
After the reversal of renal artery occlusion, global renal blood flow recovers quickly within
minutes [21]. However, recovery of GFR and pre-ischaemic patterns of regional RBF follow-
ing IRI can be drawn out. In one series of 38 cadaveric renal allografts with postischaemic
acute kidney injury, GFR one week post-implantation was up to 90% lower than that of a
cohort of long-standing optimally functioning allografts [139]. Animal models suggest that
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kidney autoregulation remains impaired at least 7-days after reperfusion (despite resistution
of global blood flow), as evidenced by reduced reactivity to hypovolaemic and vasodilatatory
challeges, likely due to persistent endothelial dysfunction [21].
As in ischaemia however, regional disparity in reperfusion may be more important that
global perfusion [26]. In a rat model of renal IRI, Regner et. al describe a rapid return of
cortical perfusion to baseline following 30 minutes ischaemia but a persistent, secondary
decline in MBF to less than half the pre-ischaemic baseline 2 hours post-insult [144], findings
that have been replicated in several other small-animal models [143] but as yet remain
unexplored in either large-animal models or humans. Prolonged periods of reduced MBF
post-reperfusion permanently reduces capillary density in the OM [20] promotes endothelial
senesence (thus reducing repair) and promotes both early tubular necrosis and progression to
tubulointerstitial fibrosis [142, 19, 176].
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1.5 Methods of transplant organ preservation
The primary objective of transplant organ preservation is to permit transportation between
centres, which in turn allows better histocompatibility matching and less urgent implantation
[125]. The ideal kidney preservation method would have to satisfy many challenging
criteria: First, it would need to avoid preservation-related injury, for long enough to allow
for organ matching, transportation, and assessment, and for recipient immune-induction
and surgical preparation. In practice this is a median 13.3 hours in the UK [6], and may be
much longer in larger countries such as the United States. Second, an ideal method would
permit investigation of the organ condition. Analysis might include physical or radiological
examination, functional parameters, such as urine production, fractional excretion of sodium,
renal blood flow; or tissue biomarkers that may predict graft function, such as serological
markers of acute kidney injury or chronic fibrosis. In addition to providing an up-to-date
assessment of the terminal organ state, ideal analysis would also inform on aspects of the
retrieval and preservation process that are known to independently influence outcome, such as
ischaemic damage [58]. Third, should it become clear that the organ was unlikely to function
well upon engraftment, an ideal method would permit either surgical or pharmaceutical organ
repair. Finally, any preservation method needs to be financially, logistically and technically
feasible to permit widespread implementation, as optimal matching and organ utilisation
rely upon national and international cooperation between transplant centres. Three broad
methods of preservation exist: Static cold storage (SCS), hypothermic machine perfusion
(HMP) and normothermic machine perfusion (NMP).
1.5.1 Static cold storage
The potential of hypothermia to promote organ storage and preservation was first mooted by
Carrel and Guthrie in 1908 [34]. A century later, storage in cold (4°C) specialist solutions
remains the most prevalent method of organ preservation. The aim is to reduce metabolic
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demand and thus the cellular degradation that occurs during prolonged anaerobic respiration
[149]. It has been demonstrated that cooling cells to near-zero degrees Celsius reduces
cellular metabolism tenfold or more [23]. However, hypothermia alone is not sufficient for
kidney preservation due to the deleterious effects of cold ischaemia as previously discussed.
To counteract these deleterious effects, specialist solutions were developed in order to
prevent cell oedema and intracellular acidosis, and promote metabolic restoration upon
implantation. Many commercial solutions have been produced, with most using starches or
mannitol to create a hyperosmolar solution, intracellular electrolytes, and complex anionic
carbohydrates such as raffinose and lactobionate that act as lactate buffers and as substrate
for ATP regeneration. The commonest kidney preservation solutions in clinical use currently
are Belzer UW®, formerly known as University of Wisconsin solution (UW, Preservation
Solutions Inc, USA) and Viaflex® (Soltran, Baxter, UK). At retrieval, the isolated organ is
first flushed and then immersed in a cold preservation solution, sealed inside sterile bags
and placed inside an insulated boxed filled with crushed ice. This method is quick, easy and
affordable. However, despite the many-fold reduction in cellular metabolism, ATP and ADP
depletion still continues, as the residual energy demand of the cell outstrips the ability of the
cell to respire anaerobically. Over time, organ viability is lost, and a further limitation is that
SCS permits only limited organ assessment prior to implantation.
1.5.2 Cold machine perfusion
The potential for a perfusion system to maintain organ vitality was postulated and investigated
long before its relatively recent entrance into clinical practice. The first serious efforts to
define a continuous perfusion system were made by Carrel and Lindbergh in the early 20th
century [35, 41]. Following the advent of clinical transplantation, it was demonstrated
experimentally that continuous cold perfusion of an organ could triple its viable storage
time [22]. Hypothermic machine perfusion (HMP) describes a sterile circuit attached to
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the renal vasculature, through which a preservation solution is pumped, with or without
oxygen. Most devices, such as the LifePort® (Organ Recovery Systems, USA) are designed
to be used in place of SCS for the duration of the preservation time. Hypothermic machine
perfusion without oxygen reduces rates of DGF in DBD kidneys when compared to SCS [68],
and may be similarly beneficial in DCD kidneys, although the most recent meta-analyses
have produced conflicting results, with the European multicentre trial [86] demonstrating
reduced rates of DGF that were not reproduced in the contemporaneous UK multicentre trial
[167]. The improved preservation benefits of HMP over SCS may be due to introducing
a degree of vascular shear stress, which promotes microcirculatory autoregulation [36].
Experimentally, oxygenating kidneys during HMP appears to improve preservation further,
replenishing ATP and reducing oxidative stress. However, clinical data are awaited [85].
Whilst HMP offers conditioning advantages over SCS, organ assessment remains challenging.
In a prospective analysis, perfusion parameters such as perfusate flow, vascular resistance
and levels of perfusate injury markers such as neutrophil gelatinase-associated lipocalin
(NGAL) and liver-type fatty-acid binding protein (L-FABP) offered limited correlation with
6-monthly rates of DGF; but many recipients with acceptable graft function had kidneys
that had demonstrated isolated high levels of one or more marker.[133] It is further unclear
to what extent such markers simply reflect pre-perfusion condition, rather than offering a
contemporaneous indication of perfusion effect. The potential for targeted therapeutics to
be delivered during HMP exists and has been demonstrated experimentally [87]. However,
in a hypothermic system without concomitant accurate organ assessment, titrating doses to
individual kidneys and monitoring renal response and toxicity may be challenging.
1.5.3 Normothermic machine perfusion
Normothermic machine perfusion (NMP) represents a logical scientific progression from
HMP. The rationale is to harness the beneficial effects of perfusion and oxygen delivery
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upon organ preservation whilst warming organs to near-normothermia in order to avoid the
detrimental effects of hypothermia upon metabolism, organ assessment and therapeutics.
The theoretical benefits of NMP over HMP and SCS are numerous, and many have been
demonstrated experimentally:
Preservation
In canine and porcine experimental models of kidney transplantation, kidneys undergoing
NMP have consistently demonstrated lower levels of DGF when compared to SCS or HMP
[115, 80, 28]. Resuscitating the kidney to near-normothermia increases mitochondrial
enzyme activity, and thus restores oxidative metabolism. A subsequent replenishment
of depleted ATP and ADP [15] permits the re-establishment of intracellular homeostasis
dependent upon active transmembrane transporters such as the Na-K ATPase pump. Vascular
integrity is maintained through constitutive and inducible nitric oxide synthase (iNOS) flux
[29], due to physiological vessel wall shear stress. Alongside restoration of physiological
environment and oxidative metabolism, it appears that NMP promotes the expression of
cytoprotective genes including heme-oxygenase 1 (HO-1) [165] and heat-shock protein 70
(HSP-70) [29, 80].
Assessment
The restitution of near-physiological conditions greatly aids the analysis of kidney condition
during the NMP period. Perfused kidneys demonstrate renal blood flow comparable to
those in vivo [74], and many organs produce appreciable volumes of urine. Such functional
parameters, combined with an assessment of organ macroscopic appearance, have been
combined to form a composite score that correlates well with initial graft function in a
clinical series [76]. Urine and serum samples offer the potential to analyse biomarkers such
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as NGAL alongside biochemistry, and appear to faithfully reflect organ damage [78], but it is
unclear to what extent prognostic significance can be apportioned.
Treatment
An isolated organ perfusion circuit offers the potential to deliver targeted therapeutics direct
to the intended organ, negating issues of whole-body pharmacodynamics and toxicities.
Normothermia and normotension are further likely to provide more stable and predictable
pharmacokinetics and monitoring over HMP. However, whilst NMP therapy has long been
considered [28], and delivery of agents such as noble gases [78] demonstrate proof of
principle, it remains in its infancy. More promising in the interim period are modifications to
the NMP circuit to promote a beneficial immunomodulatory environment. Ferdinand and
colleagues recently demonstrated transcriptional upregulation of oxidative metabolism and
attenuation of inflammatory pathways in paired human kidneys following the addition of a
haemoadsorption filter to the NMP circuit [55].
Normothermic machine perfusion as a research tool
Transplant IRI differs from other forms of IRI in that cessation of blood flow is complete, in-
stantaneous and affects the entire organ (c.f. the heterogeneous occlusion of thromboemboli)
and due to intervention rather than the insidious evolution of an intraluminal atherosclerotic
plaque. There are therefore limited conclusions that can be drawn from models of other
forms of IRI, and the use of TIRI-specific models is necessary and preferable. Whilst the
NMP circuit has been designed as a therapeutic aid to clinical transplantation, the perfusion
of kidneys under relatively physiological conditions permits a rare insight into whole-organ
physiology during TIRI. The parameters of NMP may be altered, by removing all protective
perfusate supplements, to closer mimic in-vivo reperfusion conditions. In this manner, kidney
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NMP has been used to elucidate the isolated effect of WIT and relative effects of CIT and
WIT upon TIRI [75, 81].
Clinical experience
The clinical use of NMP was first demonstrated in 2011 with the successful transplant of an
ECD kidney following 11 hours of SCS and 1 hour of NMP [77]. A clinical series of 18
ECD kidneys followed, with significantly lower rates of DGF compared to a historical ECD
control group [124]. A multi-centre UK-based randomised trial to compare NMP to SCS in
DCD kidneys is ongoing (IRSCTN15821205) [79].
Perfusion circuitry and conditions
The archetypal NMP circuit is similar in principle to the HMP circuit, with the addition
of a water heat-exchanger in order to warm the perfusate fluid to achieve normothermia.
The current interest in kidney NMP has been driven largely by the work of Lauren Brasile
(Breonics Inc, USA), and Hosgood and Nicholson (University of Cambridge, UK) who have
described much of the initial large-animal experimental and human clinical data. Whilst
optimal circuit conditions have been determined for certain parameters such as haematocrit
[15], perfusion pressure [74] and temperature [10], others remain to be optimised. Opinions
remains divided over the ideal perfusate solution, with advocates for both acellular [29] and
blood-based solutions. Most clinical experience with NMP has been with the technology
used as an adjunct to SCS immediately prior to transplantation. However, other modalities
may be equally or more beneficial to graft function; continuous normothermic perfusion
of transplant livers has shown promising early clinical results [140] and porcine models of
kidney NMP suggest that similarly lengthy periods may be feasible [90, 92].
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Oxygenation during kidney NMP
Most proponents of this technology have perfused kidneys with a 95% O2 / 5% CO2 mixture.
Oxygen delivery is highly likely to be supra-physiological, as the membrane oxygenator
is highly efficient and oxygen is delivered directly into the renal artery, as opposed to
diffusing down the oxygen cascade. As previously described, tissue hypoxia is central to
the pathophysiology of TIRI and indeed is a hallmark of many types of AKI [26]. Whilst
the essential role of adequate oxygenation in normal cellular metabolism is universally
appreciated, there is an increasing focus upon the negative effects of over-oxygenation in
disease states involving ischaemia-reperfusion injury (IRI). Whilst the detrimental effects of
hyperbaric hyperoxia were described by Paul Bert in the late 19th century [25], normobaric
hyperoxia was routinely prescribed, in the form of high-flow oxygen, to patients suffering
from clinical syndromes involving IRI such as myocardial infarction (MI) and stroke, until
recently [113].
Growing evidence that an oxidative burst underlines reperfusion injury [120], and con-
cerns that excess oxygen during ischaemia and subsequent reperfusion may worsen injury
through ROS production [175] have prompted changes to clinical guidelines whereby oxygen
delivery to patients, both in the ischaemic and reperfusion stages of MI and stroke, is now
titrated to maintain arterial saturation (SaO2) greater than 95%.
Hypoxaemic reperfusion, whereby blood or perfusate oxygenation during reperfusion
is slowly titrated upwards from a hypoxic to normoxic range, is hypothesised to reduce
surplus cellular oxygen liable to contribute to ROS during reperfusion [162]. This method
has demonstrated favourable reductions in circulating inflammatory markers and oxidative
stress and improved oxygenation experimentally in a variety of organs in both small and
large-animal models [7]. However, this method remains untested in the field of transplant
kidney NMP and renal IRI.
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Other organ NMP systems have successfully used much lower, physiological gas mixtures
[140, 166], and concerns have been raised over whether supraphysiological oxygenation dur-
ing kidney NMP may promote oxidative free radical production and thus worsen reperfusion
injury [87].
1.6 Hypothesis and aims
The following hypotheses will be tested:
1. Delivering supraphysiological oxygen tensions to the kidney during NMP limits the
conditioning effect of NMP upon renal function during subsequent reperfusion, due to
exacerbation of oxidative damage.
2. Compared to a pre-ischaemic baseline, regional perfusion and oxygenation in a large
animal model of transplant reperfusion will be dysfunctional, specifically with tem-
porary reductions in global renal blood flow and cortical blood flow and oxygenation,
and with more persistent reductions in medullary perfusion and oxygenation.
3. During a period of clinically-relevant normothermic machine perfusion, regional
perfusion and oxygenation of human kidneys will be dysfunctional, specifically with
temporary reductions in cortical blood flow and oxygenation and with more persistent
reductions in medullary perfusion and oxygenation.
4. A period of normothermic machine perfusion following static cold storage will elicit
specific and different regional inflammatory responses beyond the difference exhibited




Whilst different chapters of this thesis examine varying aspects of porcine and human renal
allograft physiology, all experimental models employ normothermic machine perfusion
(NMP) either as a therapeutic tool or a model by which to simulate allograft reperfusion.
In this chapter, methods of perfusion, measurement and analysis common to all studies
are described. Specific study aims, hypotheses and study design will be described in the
appropriate chapters.
2.2 Porcine kidney perfusion
2.2.1 Uncontrolled donation-after-circulatory-death retrieval
Adult female Landrace pigs weighing approximately 50kg were terminated under Schedule
1 of the Home Office Scientific Act (1986) regulations at a commercial research facility
(Envigo, Huntingdon, UK). Animals were sacrificed by electrocution and rapid carotid
exsanguination, from which blood was collected into a sterile receiver containing 25,000
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units of heparin. Death was confirmed by absence of heart sounds upon auscultation. Kidneys
were retrieved en bloc after a period of 10 minutes in situ warm ischaemia to simulate that
experienced by kidneys during clinical DCD retrieval. Once retrieved, kidneys were placed
on wet ice in a kidney dish and flushed with 500mL cold (4°C) Soltran® solution through
the renal artery via a Tibbs cannula (Bolton Surgical, Sheffield, UK). One litre of blood
was collected and stored on wet ice at 4°C in CPDA-1 blood bags for use during NMP and
reperfusion experiments.
2.2.2 Controlled donation-after-circulatory-death retrieval
Controlled DCD retrieval experimental procedures were approved by the University of
Cambridge Animal Welfare and Ethical Review Body. All relevant experimental procedures
were carried out by personnel holding the appropriate personal animal license (Dr. T. Beach,
Mr. K. Saeb-Parsy or Mr. J Martin) at an approved commercial research facility (Envigo,
Huntingdon, UK). Experiments were conducted upon adult female Landrace pigs weighing
approximately 50kg. Animals were pre-medicated with intramuscular ketamine (10 mgkg-1),
medetomidine (0.02 mgkg-1) and midazolam (0.1 mgkg-1). A peripheral intravenous catheter
was placed in the marginal ear vein and anaesthesia was induced with propofol to effect. Pigs
were intubated and 100% oxygen supplied with intermittent positive pressure ventilation
provided to maintain normocapnia. Anaesthesia was maintained with continuous infusions
of propofol (starting at 10 mgkg-1hr-1 and titrating down to effect) and either remifentanil
(starting at 2.4 µgkg-1hr-1 and titrating up to effect) or alfentanil (starting at 30 µgkg-1hr-1 and
titrating up to effect). If required, isoflurane was provided at approximately 2% to maintain
anaesthesia. Saline was administered intravenously at approximately 10 mlkg-1hr-1. During
anaesthesia a Datex Ohmeda Cardiocap (Wisconsin, USA) patient monitoring system was
used to monitor ECG waveform, pulse oximetry, temperature and capnography parameters.
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A midline laparotomy was performed to expose both renal pedicles, the inferior vena
cava and distal abdominal aorta. The arteries and veins of both kidneys were slung with
ties. Two fibre-optic probes (MNP100NX and NX-LAS-8/OT/E, Oxford Optronics, Oxford,
UK) were inserted into the kidney as described in section 2.4.4 sequentially into upper pole
cortical and medullary tissue to measure microvascular perfusion and tissue oxygenation at
baseline and during the subsequent period of warm ischaemia. At an interval of 30 minutes,
the left and right renal pedicles were ligated and kidneys were left in the abdomen to simulate
30 minutes of warm ischaemia. Once retrieved, kidneys were placed on wet ice in a kidney
dish and flushed with 500mL cold (4°C) Soltran® solution through the renal artery via a
Tibbs cannula (Bolton Surgical, Sheffield, UK). An intravenous bolus of heparin (500IUkg-1)
was administered, and after 5 minutes systemic heparinisation the distal abdominal aorta was
cannulated and the pig exsanguinated. One litre of blood was collected and stored on wet ice
at 4°C in CPDA-1 blood bags for use during NMP and reperfusion experiments. Pigs were
euthanased by an overdose of pentobarbitone at approximately 200 mgkg-1.
2.2.3 Porcine normothermic machine perfusion
The NMP circuit is designed around a paediatric cardio-pulmonary by-pass circuit (Biocon-
sole 550, Medtronic, Watford, UK) consisting of venous reservoir (medtronic), non-pulsatile
centrifugal pump, a heat exchanger (Chalice Medical, Worksop, UK) and an affinity mem-
brane oxygenator (Medtronic) (Fig.2.1). Components were connected by ¼-inch PVC tubing.
The circuit was primed with a perfusate solution (table 2.1) followed by autologous whole
blood depleted of leukocytes using a white cell filter (LeukoGuard® RS; Pall Medical,
Portsmouth, UK) to give a total circulating volume of approximately 1 litre. The perfusate
was oxygenated with pre-mixed gases (BOC, Guildford, UK) at 0.2L/min. The standard
gas mixture was 95% O2 and 5% CO2. The renal artery, vein and ureter were cannulated
with soft silastic catheters (Pennine, UK) and kidneys were flushed with 100mL of Ringer’s
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Lactate solution at 4ºC immediately before perfusion to remove the high-potassium Soltran®
solution. Kidneys were placed in the kidney chamber and perfused at a renal perfusion
pressure (RPP) of 75mmHg for 1 hour. As a period of NMP is designed to recondition the
ex-vivo organ, protective supplements (table 2.1) were infused into the venous reservoir and
arterial arm of the circuit. Perfusion occurred at a temperature of 38.0°C, just below the
normal porcine core temperature of 39.0°C.
Kidneys undergoing a subsequent period of simulated ex-vivo reperfusion (section 2.2.4)
were removed from the NMP circuit and flushed with 100mL of Ringer’s Lactate solution at
4°C to remove the blood and cool the organ prior to reperfusion.























































































































































































































































2.2.4 Porcine ex-vivo reperfusion
The isolated organ perfusion system described above was also used to simulate transplant
organ reperfusion, either alone or after a period of NMP, to assess renal function and
injury. The reperfusion model differs from NMP in that autologous whole blood is used
(containing all blood components) and certain protective additives are omitted (table 2.1. The
system has no ability to produce creatinine metabolically; therefore, 1000µmol creatinine
(Sigma-Aldrich, Steinheim, Germany) was added to the circuit to permit creatinine clearance
measurement. Kidneys were then placed on the circuit and reperfused at an RPP of 85mmHg
for 3 hours at 38ºC. All kidneys were reperfused with a 95% O2 and 5% CO2 gas mixture.
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2.3 Human kidney perfusion
2.3.1 Human organ procurement
From November 2017 until April 2019, 25 human kidneys offered for research by the
national organ allocation system (after being deemed unsuitable for transplantation [125])
were recruited into studies in this thesis. Consent for organ use in research was obtained
from the donor’s family by a specialist nurse in organ donation prior to retrieval. Donor
organs exhibiting any absolute contraindication to transplantation, such as malignancy, were
excluded from recruitment. All organs were retrieved by one of the National Organ Retrieval
teams; after an in-situ flush of abdominal organs with either University of Wisconsin solution
or hyperosmolar citrate, kidneys were retrieved and stored on ice at 4°C. After recruitment
into studies, organs were transported during SCS to Addenbrooke’s Hospital, Cambridge,
UK. Ethical approval was granted for studies by the National Research Ethics Committee in
the UK (number 5/NE/0408). Where possible, donor demographic information was recorded
including age, sex, cause of death and terminal creatinine.
2.3.2 Human kidney normothermic machine perfusion
The methodology for human kidney NMP is broadly similar to that described above for
porcine kidneys (see above) aside from three key differences. Firstly, the human kidney
was placed into a custom sterilisable metal chamber as opposed to a custom glass chamber;
all other circuit components were identical. Secondly, one unit of O-positive blood group
packed red cells from the local blood bank was added to the priming solution, as opposed to
autologous donor blood. Finally, different infusions were added to the perfusate: manntiol
10% 15 mL (Baxter Healthcare), dexamethasone 6 mg (Organon Laboratories, Cambridge,
UK) and 3mL of heparin 1000 IU/mL (CP Pharmaceuticals, Wrexham, UK). Amino acids
(Synthamin, Baxter Healthcare UK) with sodium bicarbonate 15 mL 8.4% and insulin 100
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Fig. 2.1 Human and porcine kidney normothermic machine perfusion.
Schema of porcine and human kidney normothermic machine perfusion. The organ is placed
in an organ chamber and the renal artery, vein and ureter cannulated. The blood-based
perfusion solution drains from the kidney with gravity into the venous reservoir, whereby
continuous infusions (detailed in table 2.1) are added. A non-pulsatile centrifugal pump
drives the solution through a heater-oxygenator, past flow and pressure sensors back to the
renal artery.
2.4 Analytical techniques 37
IU (Novo Nordisk, Denmark)was infused into the circuit at a rate of 20 mL/h. Prostacyclin
0.5 mg (Flolan, Glaxo-Wellcome, Middlesex, UK) was infused into the arterial arm of the
circuit at a rate of 4 mL/h and glucose 5% (Baxter Healthcare) at 5 mL/h. Ringer’s solution
was used to replace urine output at a 1:1 ratio. As per the porcine reperfusion model, 1000
µmol creatinine was added to the circuit to permit creatinine clearance measurement.
2.4 Analytical techniques
2.4.1 Renal function and oxygen kinetics
Renal function
Renal blood flow (RBF) and Renal Perfusion Pressure (RPP) were recorded continuously
and intra-renal resistance (IRR) calculated (RPP/RBF). Urine output was also measured
during reperfusion and hourly serum, urine and tissue collected. Percentage fall in creatinine
clearance was calculated, and fractional excretion of sodium also calculated as:
((Naurine ·Volurine/(GFR ·Naplasma) ·100))
Oxygen kinetics
Blood gas analysis (Blood Gas Analyser; OPTI CCA-TS, Optimedical, Roswell, GA, USA)
was used to record arterial, venous and urinary partial pressures of oxygen (PaO2, PvO2
and UO2 respectively), arterial partial pressure of carbon dioxide (PaCO2) and acid–base
homeostasis. In porcine experiments oxygen saturation values were corrected using a porcine-
specific hemoglobin dissociation equation [150], where:
SaO2 = (0.13534 ·PO2)3.02/(0.13534 ·PO2)3.02 +91.2
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to which a factor of 0.022(−0.3 ·∆pH) was applied to correct for Bohr effects upon HbO
binding.
Arterial and venous oxygen content (CaO2 and CvO2 respectively) were calculated:
CaO2 = (1.34(Hb) ·SaO2 ·0.01)+(0.023 ·PaO2)
Oxygen consumption (VO2) was calculated by comparing oxygen delivery (DO2 =CaO2 ·
RBF) and return (RO2 =CvO2 ·RBF). The oxygen extraction ratio (OER =VO2/DO2) was
also calculated.
2.4.2 Perfusate and urine biochemistry
Samples of circulating perfusate solution and urine were collected hourly. Samples were
processed by the Addenbrooke’s Hospital Biochemistry Laboratory under a research protocol
to yield clinical markers of haematology, renal function and osmolality.
2.4.3 Histology
During NMP experiments, tissue biopsies were taken for later histological analysis. It was
possible to take cortical wedge biopsies during perfusion; however it was not possible to
take deeper medullary samples during perfusion without causing considerable haemorrhage
from the heparinised kidney. Therefore, after the cessation of perfusion the kidney was
immediately bivalved and medullary biopsies taken. Biopsies were immediately divided
and samples for molecular analysis snap-frozen in liquid nitrogen before storage at -80°C.
Tissue for histology was fixed overnight in 10% formalin before storage in 100% ethanol.
Haematoxilin and Eosin (H&E) stained slides and formalin-fixed paraffin blocks (FFPE)
were obtained from the Addenbrookes Hospital Histopathology service. For assessment of
tubular injury, a blinded observer (TDA) scored 10 fields per sample under light microscopy
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at 40x magnification for evidence of tubular damage, according to criteria outlined in table
2.2.











Vacuolation 0 1 2 3
Tubular Debris
Interstitial Oedema
Cumulative Score 0 – 15
Table 2.2 Histological score for cortical tubular injury
Martius, scarlet and blue staining for fibrin deposition
Four micrometre tissue sections were cut from FFPE blocks using a microtome, mounted
upon standard glass slides and dried overnight. Mounted sections were de-waxed through
two changes of xylene, two changes of 100% ethanol and sequential changes of 95%, 70%
and 50% ethanol, each for 5 minutes. Slides were stained with Haemalum Mayer (3m) and
rinsed in 95% EtOH; then with Martius Yellow Alcoholic for 2m, Brilliant Crystal Scarlet
for 10m, Phosphtungstic Acid for 7m and Soluble (Aniline) Blue for 10m; with brief water
washes between stains. Slides were then dehydrated through four 5m changes of EtOH (95%,
95%, 100%, 100%) and cleared in three 5m changes of xylene. Slides were mounted with
DPX and a coverslip and left to dry overnight.
Twenty bright-field images of each slide (each corresponding to a single kidney region)
were taken in a blinded fashion at 2448 x 1920 pixel resolution. Fibrin deposition for each
section was quantified objectively using a MATLAB (v. R2017b, Mathworks, UK) script (see
appendix B) by filtering image pixels according to user-defined RGB pixel-profiles of fibrin-
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positive and -negative regions in representative images. Binary images of positive/negative
pixels were thus created, from which percentage fibrin deposition was derived. The MATLAB
code was developed by Dr. J. DiRito and samples from this project were analysed by Dr. A.
Silva.
2.4.4 Measurement of microvascular oxygenation and perfusion
To measure intrarenal microvascular perfusion and tissue oxygenation, fibre-optic probes
were inserted into the cortex or medulla of kidneys.
The tissue oxygenation probe used (NX-LAS-8/OT/E, Oxford Optronix, Oxford, UK) is a
fluorescence lifetime oximeter (FLO) that quantitatively measures the tissue partial pressure
of oxygen (tPO2) across an area of 8mm3. The probe tip optode contains a platinum-complex
photolumiphore excited by light (475nm) pulsed along a fibre-optic cable. Upon excitation
the lumiphore emits 600nm light back to a detection unit (Oxylite Pro, Oxford Optronix,
Oxford UK). Dissolved tissue oxygen in the probe vicinity quenches the fluorescent light,
increasing the decay time of light returned in inverse proportion to the local tPO2. This
inverse relationship means that it is possible to accurately quantify tPO2 even at values close
to zero.
The microvascular perfusion flow probe (MNP100NX, as above) utilises Laser-Doppler
Flowmetry (LDF) to provide a continuous measure of tissue blood flow. A low-power laser
light illuminates and is scattered within the tissue region of interest. Scattered laser light
incident upon moving red blood cells becomes Doppler-frequency shifted as a result and is
returned by a second optical fibre to the monitor (Oxyflo Pro, as above). The photo-detected
signal comprises a broad spectrum of Doppler frequency shifted signals generated as a
result of the movement of red blood cells within the tissue. Microvascular blood flow is
electronically calculated as the product of mean red blood cell velocity and mean red blood
cell concentration in the volume of tissue under illumination from the sensor.
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In order to site probes, a small incision in the kidney capsule was made. Cortical probes
were sited <3mm from the surface; medullary probes were advanced until a depth of 10mm
and a change in resistance was felt, denoting entry into medullary tissue. Probes were
sited in the kidney prior to the commencement of perfusion. Probes then remained in-situ
throughout perfusion unless otherwise stated. Probes were sited in both medulla and cortex
concomitantly (unless otherwise stated). In experiments where probes were not continuously
situated, care was taken to ensure that probes were reintroduced to the same incision as
before. Probe depths were confirmed post-hoc by sectioning the kidney.
Oxygen and Perfusion probes were connected to dual-channel monitors (Oxylite Pro and
Oxyflo Pro respectively, both Oxford Optronix). Data were recorded using Labchart Pro
v7.3.8 (AD instruments, Dunedin, NZ).
2.4.5 Molecular biology techniques
Enzyme-linked immunosorbent assay
Cortical tissue and pelvicalyceal urine samples from certain porcine NMP experiments were
analysed after 3 hours reperfusion for levels of high-mobility group box 1 protein (HMGB-1)
and neutrophil gelatinase-associated lipocalin (NGAL) using porcine NGAL and HMGB-1
sandwich ELISA kits (Elabscience and Cusabio respectively, both Wuhan, P.R. China).
Cortical tissue and fresh urine samples were snap frozen in liquid nitrogen, and tissue was
cryogenically homogenized. Samples and standards were added in duplicate to pre-coated
plates and the assays were carried out as per the manufacturer’s instructions. Cortical tissue
was diluted to 1:100 for the HMGB-1 assay, and urine to 1:40 for the NGAL assay.
RNA extraction from tissue samples
All tissue samples were snap frozen at -70°C. Tissue was homogenized in 1 µL lysis buffer
using a Precellys 24 homogenizer (Bertin Instruments, France) for 2x15s at 6000rpm and
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centrifuged at 13000g for 1min until tissue appeared homogenized. Samples were then spun
in a tabletop microcentrifuge for 5min at 2600g. Supernatants were added to EtOH and RNA
was extracted using the Purelink RNA Mini Kit (Thermo Fisher Scientific, USA) according
to manufacturer’s instructions. Sample DNA was digested using the Turbo DNA-Free
kit (Thermo Fisher Scientific, USA) according to manufacturers instructions and samples
eluted in 50µL RNAase- and DNAse-free water. The RNA yield was assessed using a
NanoDrop ND-100 Spectrophotometer (Thermo Fisher Scientific, USA) and RNA integrity
quantified using an Agilent 2100 bioanalyzer (Agilent Technologies, USA) according to
the manufacturer’s specifications. Samples with an RNA integrity number (RIN) >8 and
A260/280 ratio of 1.8 were considered acceptable for further analysis.
Nanostring nCounter multiplex analysis
The expression of 255 pre-selected genes was quantified in RNA samples without amplifica-
tion using nCounter analysis (Nanostring Technologies, USA) according to manufacturer
instructions. The nCounter codeset consists of biotinylated ’capture’ probes for 249 pre-
selected human inflammation-related genes (see appendix D.1) and 6 internal reference
genes, and corresponding ’reporter’ probes encoding a molecular barcode specific to the gene
of interest. Hybrids of the sample RNA and codeset probes were formed. The target-probe
complexes were then purified, aligned and immobilised before digital imaging and quan-
tification. Purified RNA samples were diluted to give a final assay concentration of 100ng.
Five microliter aliquots of sample RNA were hybridized for 20 hours at 65°C with 10 µL
nCounter XT Human V2 Reporter codeset, 5 µL capture probeset snd 10 µL hybridization
buffer. Target-probe complexes were then loaded into the nCounter prep station for digital
counting.
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2.5 Statistical analysis
Data passing the Shapiro-Wilk normality test (alpha=0.05) are presented as mean ± SD and
data failing this test are presented as median (range). Levels of continuous variables such
as RBF were plotted against time using GraphPad Prism version 7.00 for Mac (GraphPad
Software; San Diego, CA, USA, www.graphpad.com). Mean values of parametric data
passing the normality test were compared using one-way ANOVA and Tukey’s multiple
comparisons test , and data failing this test by non-parametric tests of null hypotheses and
variance (Mann-Whitney and Kruskall-Wallis respectively).
Ncounter Advanced Analysis software v.2.0.115 (Nanostring Technologies, USA) was
employed to normalise Ncounter data against selected housekeeper genes present on the
codeset by the geNorm algorithm [163]. Differential gene expression expression was cal-
culated using nCounter Advanced Analysis optimal method with the Benjamini-Yekutieli
P-value adjustment [82]. Volcano plots of differentially-expressed genes were plotted using
GraphPad Prism version 7.00 for Mac (GraphPad Software; San Diego, CA, USA). To
visualise mRNA expression data, principle component analysis and heatmaps were created
using the ClustVis web tool [116]. Principle component analysis was calculated by Singular
Value Decomposition (SVD) method with unit variance scaling. Heatmaps were clustered by
Euclidean distance and average linkage methods. The expression of genes of interest during
these experiments was qualitatively compared with in-vivo expression in healthy tissues by
interrogation of the Genotype-Tissue Expression (GTEx) project database of kidney-specific
gene expression. The GTEx database contains gene expression data of 54 non-diseased tissue
sites across 980 individuals [63]. The data used for the analyses described in this manuscript
were obtained from the GTEx Portal (gtexportal.org) on 11/06/20.

Chapter 3
Reducing perfusate oxygenation during
porcine kidney normothermic machine
perfusion
3.1 Introduction
Normothermic machine perfusion is a promising technology that may increase utilization
of marginal deceased-donor kidneys [87]. However, ideal perfusion conditions for a donor
kidney - including duration [91], temperature [10], perfusate composition and oxygenation
- remain unclear. Most experimental and clinical NMP systems, including the Hosgood-
Nicholson circuit, perfuse kidneys with a gaseous mixture of 95% O2 and 5% CO2. There is
no clear evidence base for providing supraphysiologically oxygenated perfusate, but it likely
arises from a desire to avoid the the tissue hypoxia universally associated with IRI [26] by
perfusing the injured kidney with excess oxygen to overcome IRI-related hypoperfusion.
However, oxygen surplus to metabolic requirements may cause de novo tissue injury
through the production of reactive oxygen species (ROS) [121, 175] which experimentally
have been reduced through rendering reperfusion perfusates hypoxaemic, and other organ
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perfusion systems have successfully employed more physiological gas mixtures (section
1.5.3).
The aim of this study was to investigate the physiological effects of reducing NMP
perfusate oxygenation upon renal function and oxygen kinetics during NMP and subsequent
reperfusion. Related to our aim, we hypothesised that:
1. Reducing perfusate oxygenation (PPPO2) to normoxaemia or hypoxaemia would
reduce renal oxygen delivery and consumption during NMP.
2. Reducing PPO2 to normoxaemia or hypoxaemia would reduce renal function during
NMP.
3. Reducing PPO2 to normoxaemia or hypoxaemia would reduce tissue injury following
reperfusion.
The finding of this chapter have been published in the American Journal of Physiology-
Renal Physiology [9].
3.2 Methodology
Using a porcine model of donor kidney retrieval and perfusion, two experiments were
designed to interrogate the effects of lowering reducing perfusate oxygen tension (PPO2)
upon kidney performance during NMP and upon subsequent reperfusion. Both studies
were designed to simulate current clinical trial protocols for donor organ perfusion in the
immediate pre-implantation phase.
In a ‘minimal injury’ experiment (MI), designed to investigate the effect of PPO2 upon
renal function during NMP, groups of kidneys were subjected to 10 minutes of warm
ischaemia (WI) and 2 hours of static cold storage (SCS) before 1 hour of NMP with different
gas concentrations. Pilot data suggested that a 12% O2 mixture would result in a PPO2
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similar to in-vivo PaO2( 12kPa) and a 6% mixture would result in a hypoxic PPO2 of half
that in-vivo ( 6kPa). Hence these, and an intermediate hyperoxic gas mixture (25%), were
chosen to compare against standard (95%). A further group was perfused with medical air
(20.9% O2, 0.04% CO2, 78.09% N2, 0.93% Argon and other trace gases).
In a ‘clinical injury’ experiment (CI), groups of kidneys underwent similar retrieval and
WI before a longer and more clinically relevant SCS time of 17 hours prior to NMP with
either 95%, 25% or 12% O2. These kidneys, plus a control group that had not undergone
NMP, then underwent 3 hours of simulated reperfusion. This second experiment was designed
to investigate the effects of varying PPO2 upon renal function and injury during reperfusion
following a period of NMP designed to simulate the restoration of perfusion in a kidney
transplant.
Kidneys from adult female landrace pigs underwent uncontrolled DCD retrieval (section
2.2.1) prior to storage in Soltran solution at 4°C for 2 hours (MI study) or 17–18 hours (CI
study). Normothermic machine perfusion was performed for one hour (see section 2.2.3)
during which renal function (section 2.4.1) and oxygen kinetics (section 2.4.1) were measured.
In the CI experiment, kidneys then underwent a further 3 hours of simulated reperfusion
(section 2.2.4) after which cortical biopsies were taken for analysis of tissue injury markers
high-mobility group box 1 protein (HMGB-1) and neutrophil gelatinase-associated lipocalin
(NGAL) using porcine ELISA kits (section 2.4.5).
3.3 Results
3.3.1 Minimal injury model
Baseline Perfusion Characteristics (Table 3.1)
Initial perfusion conditions were well matched, with no significant differences in starting pH
(mean 7.41±0.04), haematocrit (0.18±0.07) or haemoglobin concentrations (49.1±2.0g/L)
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Fig. 3.1 Experimental design for porcine normothermic machine perfusion and reper-
fusion with variable perfusate oxygenation.
In a ‘minimal injury’ experiment (MI, diagram A), designed to investigate the effect of PPO2
upon renal function during normothermic machine perfusion (NMP), groups of kidneys were
subjected to 10 minutes of warm ischaemia (WI) and 2 hours of static cold storage (SCS)
before 1 hour of NMP with different gas concentrations. In a ‘clinical injury’ experiment (CI,
diagram B), groups of kidneys underwent similar retrieval and WI before a longer and more
clinically relevant SCS time of 17 hours prior to NMP with either 95%, 25% or 12% O2.
These kidneys, plus a control group that had not undergone NMP, then underwent 3 hours of
simulated (machine) reperfusion.
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between groups (Table 3.1). Perfusate oxygenation was significantly greater in the 95%
group (81.7±7.1) than all other groups (adjusted P>0.0001 for all comparisons). Delivering
25% O2 and air returned led to a similar PPO2 (21.7±3.4 and 19.1±2.4 kPa respectively,
P=0.8). The air group PPO2 was significantly lower than the 95% and 6% groups but not
25% or 12% groups. Values in the two groups given the lowest PPO2, 12% and 6%, were
also similar ( 11.9±0.7 and 7.2±0.7 kPa respectively, P=0.4) but significantly lower than the
25% and 95% groups.
Renal function and haemodynamics (Fig. 3.1)
After 1 hour of NMP, mean RBF in the 6% group (82.4±6.9 ml/min/100g) was the highest,
significantly so compared to all other groups (Fig.3.2A). The lowest mean RBF was in
the 25% group (21.5±5.2 ml/min/100g), also signicantly so versus all other groups. Urine
output at the end of NMP (Fig.3.2B) was highest in the 6% group (6.1±4.0 ml/min/100g);
significantly higher than in the 95% and 25% groups (2.0±1.6ml/min/100g P=0.01 and
1.8±0.7ml/min/100g P=0.03 respectively). Creatinine clearance (Fig.3.2C) and fractional
excretion of sodium (Fig.3.2D) were comparable across groups, with no significant intergroup
variation.
Oxygen kinetics (Table 3.2)
Arterial oxygen content (CaO2) was similar across groups, as was end-NMP pH; save for
in the air group, which had a significantly higher pH (7.55±0.11) compared to all other
groups (table 3.2). Oxygen delivery (DO2) in the 95% group was significantly greater than
in the 25% O2 group (4.2±2.0 vs. 1.7±1.1 mL/min/100g, Tukey’s multiple comparisons
test P=0.017) but not the 12% group (2.9±1.1). Oxygen consumption in the 95% O2 group
(1.1±0.4ml/min/100g) was significantly greater than both 25% and air groups (0.4±0.2,
P=0.035, and 0.4±0.2, P=0.032 respectively, both Tukey’s multiple comparisons test). Oxy-
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gen extraction (OER) was greatest in the 95% and 6% groups (both 0.3±0.1) and smallest in
the 12% group.
Correlations between circuit parameters, renal function and oxygen kinetics (Fig. 3.3)
A correlation matrix was performed on the pooled terminal (1-hour) values for NMP circuit
parameters, renal function and oxygen kinetics, revealing a number of significant relationships
(Fig. 3.2).
Linear regression demonstrated a significant positive relationship between renal blood
flow and urine output (Fig. 3.3A), creatinine clearance (Fig. 3.3B), oxygen delivery (Fig.
3.3C) and consumption (Fig. 3.3D). There was a significant negative relationship between
fractional sodium excretion and both renal blood flow (Fig. 3.3E) and VO2 (Fig. 3.3F).
Urine Oxygenation
Pelvicalyceal urine oxygen tension, measured at the end of NMP, was significantly higher in
the 95% group (19.16±2.5 kPa) compared to all other groups (Fig.3.6A). No other significant
inter-group variation was demonstrated. Linear regression of the relationships between
markers of renal function and oxygen kinetics revealed that both renal blood flow (Fig.3.6B)
and oxygen consumption (Fig.3.6 C) had significant positive associations with UO2 and that
there was a significant negative relationship between sodium excretion and UO2 (Fig.3.6D).
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3.3.2 Clinical injury model
Baseline Perfusion Characteristics (Table 2)
As with the minimal injury experiment, perfusate oxygenation differed significantly between
groups. The starting pH and haematocrit of groups was similar. However, the starting Hb of
the 25% group, 39.2±4.9 g/L, was significantly decreased compared to the other two groups
(47.6±1.7 in 95%, P=0.034; 47.8±7.6 in 12% group, P=0.021).
Normothermic perfusion renal function and haemodynamics
Percentage sodium excretion was significantly decreased in the 25% group (70.5±19.3%)
compared to the 12% group (86.7±4.9%, P=0.048). No statistical differences were seen in
perfusate pH, urine output or creatinine clearance (P=0.726, 0.375 and 0.562 respectively, all
one-way ANOVA). Renal blood flow in the 25% group was significantly increased compared
to the 95% group (42.8±4.1 vs. 35.2±6.6 ml/min/100g, P=0.035). Oxygen content in the
95% group, 7.9±0.9 ml/100mL, was significantly greater than the other groups (P=0.0005 vs.
25%, P=0.006 vs. 12%) but this did not result in greater oxygen delivery (P=0.97). Oxygen
consumption was similar across groups, but extraction was significantly greater in the 95%
group compared to the 12% group (0.3±0.1 vs 0.2±0.1, P=0.037).
Reperfusion
Urine output, sodium excretion and creatinine clearance were not significantly different
between groups (Fig. 3). Mean RBF was significantly elevated in the 25% group when
compared to all other groups, (42.8±12.0 ml/min/100g vs. 23.3±7.1 in 95% group P=
0.001, vs. 27.7±6.7 in 12% group P=0.012, vs. 28.4±6.0. in control group P=0.017). The
control group pH (7.18±0.04) was lowest of all groups, significantly versus the 25% group
(7.41±0.12, P=0.0007). There were no significant differences observed in oxygen content,
delivery, consumption or extraction during the reperfusion phase (table 3.4).
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Injury Biomarkers
After 3 hours of reperfusion, NGAL was present in urine samples from all kidneys, al-
though no differences were noted between groups (95% 152.5±150.7, 25% 232.1±46.6, 12%
237.3±51.5, control 238.4±127.0 ng/m; P=0.54). Similarly, end-perfusion tissue levels of
HMGB-1 were not significantly disparate (1.0±0.1, 0.9±0.2, 0.8±0.1 and 0.8±0.1µg/mL for
95%, 25%, 12% and control groups respectively, P=0.11) (Fig.3.8).
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3.4 Discussion
We used a porcine model of donor kidney retrieval, NMP and reperfusion to test the hypothesis
that reducing perfusate oxygenation (PPO2) to normoxic levels would have detrimental
effects upon renal function and cause injury. In kidneys exposed to either short or long cold
ischaemic times, we measured renal function and biomarkers of kidney injury after NMP
with hyperoxic or normoxic PPO2. The main finding of our study was that reducing PPO2
altered oxygen kinetics during NMP, but did not convincingly influence tubular function,
clearance, urine output or biomarkers of renal injury during reperfusion.
These results are significant primarily because we are not aware of previous reported
studies comparing various PPO2 during renal NMP; furthermore, our model uses the same
NMP protocol as the first randomised clinical trial comparing NMP with SCS in DCD
kidneys (IRSCTN15821205) and so may inform nascent clinical practice.
In studies demonstrating NMP in canine and bovine renal autotransplant models, Brasile
and Stubenitsky utilised a proprietary acellular perfusate solution complemented with either
pyridoxylated bovine haemoglobin or a perfluorocarbon emulsion as an oxygen carrier [157].
Their perfusion circuit included controllers to maintain a PPO2 of 200mmHg (26.6kPa)
though it is not clear what gas mixture was used or the rationale behind choosing this
value [158]. With a reported PPO2 similar to that seen in our 25% O2 groups, the authors
demonstrate cytoprotective gene induction [27] and delivery of therapies [28] during NMP.
However, comparisons with our circuit are limited, as perfusion was carried out at 32°C
rather that 37°C, with an acellular solution rather than a blood-based solution, and PPO2 was
analysed using a blood gas analyser calibrated for human rather than bovine haemoglobin
measurement. Comparisons with our own circuits are therefore limited.
54 Reducing perfusate oxygenation during porcine kidney NMP
3.4.1 The effects of perfusate oxygenation on renal function and oxy-
gen kinetics during NMP
Changing perfusate oxygenation did not appear to have any consistent effect upon renal
function or oxygen kinetics. In the MI study, the greatest differences (in terms of RBF, UO
and pH) were seen between the 25% and 6% groups rather than the more oxygenated 95%
group; no significant differences were demonstrated in terms of oxygen delivery, consumption
or extraction. Different trends were seen in the CI study, with the 25% group here having
significantly greater RBF and lower FENa than the 95% or 12% groups.
As differences between groups were not consistently proportional to perfusate oxygena-
tion we would instead suggest that differences between groups may represent limitations of
our model in terms of varying hemodilution, or ischaemia-induced vasoconstriction.
As pump speed and perfusate PCO2 were constant, perfusion pressure and RBF are a
direct function of vascular resistance. We suggest that heterogenous vascular resistance may
reflect variation in IRI-induced endothelial damage [26]. Furthermore, whilst the kidney
maintains tight vascular autoregulation in vivo, IRI-induced endothelial damage, vascular
congestion and oedema, compounded by an absence of neuro-humoral input, may limit
renovascular responses to hyperoxia during ex-vivo NMP. It has further been suggested
that the renal vasculature is more sensitive to changes in CO2, which was controlled in our
experiments. In the CI study, CaO2 during NMP was significantly raised in the 95% group
compared to other groups. This may reflect haemodilution of the other groups, and also a
significantly reduced starting Hb in the 25% group (table 3.6). Differences in haemodilution
may occur due to varying rates of circulating fluid replacement in response to urine output.
We suggest that our results correspond with current understanding on renal responses
to arterial oxygenation, and the unique regulation of renal metabolism by systemic fluid
status rather than local conditions. Unlike other tissues, renal oxygen consumption normally
increases linearly with RBF because the rate of glomerular filtration and tubular resorption,
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the primary renal active processes, normally increase with RBF [53]. Positive relationships
between RBF, urine output and oxygen consumption were also seen on our ex-vivo circuits
(Fig.3.3 and 3.4). Regulation of extracellular fluid and electrolyte predominates over local
metabolic requirements, and neither hypoxemia nor hyperoxemia alter vasomotor tone in the
presence of isocapnia. [51, 152] Reducing arterial, or perfusate, oxygen tensions to normoxia
from hyperoxia would therefore not be expected to influence RBF or renal function [52]. In
the unique hyperoxic NMP setting, diffusional arterio-venous oxygen shunting - thought
to exist to prevent tissue oxidation that might otherwise arise due to the mismatch between
metabolic needs and the disproportionately high blood flow needed for filtration [49] - may
limit superfluous oxygen delivery to the renal microvasculature.
3.4.2 The effect of altering NMP PPO2 upon renal function, injury and
oxygen kinetics during subsequent reperfusion.
Importantly, none of the differences in renal function or oxygen kinetics during NMP
translated into differences during subsequent reperfusion. Kidneys receiving 25% PPO2
during NMP did have significant greater RBF during reperfusion, but this did not lead to
higher UO or lower FENa. After 3 h of reperfusion, NGAL was present in urine samples from
all kidneys, although no differences were noted between groups. Similarly, end-perfusion
tissue levels of HMGB-1 were not significantly disparate.
During reperfusion, oxygen extraction values were much greater than those reported
in-vivo (0.10-0.15)[Hansell et al.], and fractional sodium excretion was greater than in-vivo
across experiments. These supra-physiological results may represent further limitations to
our model. The high FENa may represent the considerable tubular damage sustained due
to ischaemic injury in this model, but also the fact that perfusate sodium levels tend to
be hypernatremic (150-160mmol/L), leading to a high solute load. The increased oxygen
extraction during reperfusion, compared to NMP, may represent the absence of vasodilators
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and dexamethasone that are added to the NMP perfusate. Without prostacyclin there could
be localised reductions in DO2 (despite no differences in global delivery), and without
dexamethasone there could be increased VO2 following greater IRI-related inflammation.
3.4.3 Limitations
The pigs used were young, healthy females, a healthier and more homogenous population
than transplant kidneys that are older and frequently come from donors with systemic or
renal pathologies. The electrical stunning used in termination causes massive catecholamine
release [12] which may cause renal vasospasm, thereby affecting perfusion during back-
bench flushing and subsequent machine perfusion. A porcine model of DCD retrieval using
an asphyxia technique suggests that catecholamine rises after withdrawal of life support
may occur more slowly [83]. Our model may therefore have caused greater vasospasm than
might be expected in the clinical setting. The use of a ‘controlled’ model of porcine DCD
kidney retrieval, whereby the animal is subjected to terminal anaesthesia prior to a rapid en
bloc retrieval, may reduce stress-related vasospasm, however it is more costly and inhaled
anaesthetic agents have a protective effect against IRI [37]. During the clinical-injury study,
all organs undergoing NMP were subsequently reperfused with a 95% O2 gas mixture. This
was performed in order to be able to compare these data with historical groups. However, it
is possible that oxidative damage suffered by all groups during the reperfusion period may
negate any differences that might have been seen directly after NMP with different PPO2.
The calculation of renal blood flow and mean arterial pressure are derived from the circuit
flow transducer. It therefore describes global changes in perfusion. Similarly, global VO2
was calculated using arterial and venous blood. The kidney is an organ with a markedly
heterogeneous blood flow, in which localised microcirculatory changes are thought critical to
the renal response to IRI [44]. It is likely therefore that measurements of global RBF and
MAP are insensitive to differential changes between cortex and medulla. As renal DO2 and
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VO2 have a linear relationship with RBF, it is likely that regional differences in oxygenation
are similarly critical [49]. The use of invasive needle probes could elucidate localised changes
in perfusion and oxygenation. There are limitations to the conclusions that can be drawn
from plasma samples taken from the NMP circuit, as they represent a circulating perfusate
operating without physiological buffering or hepatic clearance. Creatinine was added to
the circuit as a bolus, rather than the continuous ‘loading’ seen in vivo as a by-product of
muscle turnover. Creatinine clearance therefore is not comparable to clinical parameters, and
clearance measurement is limited to assessing the percentage clearance of the initial bolus.
Our porcine model provided ample tissue for measurement of tissue injury. However,
HMGB-1 is a global marker rather than a specific marker of oxidative stress or IRI. It
is possible therefore that the differences seen were due to pre-existing injury rather than
PPO2. Our results could be complimented by histologically scoring for tissue injury, and
examining samples for more specific markers of oxidative stress such as lipid peroxidation
or mitochondrial DNA damage. The NMP period was set at 1 hour as this is comparable
to current clinical practice. However, is it possible that this period is too short to elucidate
protective transcriptional changes. Other groups have demonstrated that longer periods of
NMP may be safe and indeed beneficial to transplant kidneys [90, 92]; it may be that longer
perfusion in the experimental setting may throw differences due to perfusion conditions into
sharper relief.
Our measurements of UO2 correlate well with data from the limited existing literature.
The ability to take pelvicalyceal urine from the NMP kidney obviates clinical concerns
over obtaining ‘fresh’ urine samples. However, without a direct measure of medullary
oxygenation, we could only compare our data with historical literature on the medullary PO2.
Direct measurement with fine-bore oxygen probes would provide more compelling evidence
for medullary health in the face of lowering PPO2.
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Future work may consider examining markers of cellular and mitochondrial oxidative
damage in order to accurately assess the reperfusion injury status of kidneys perfused with
reduced oxygen concentrations. Comparing shorter (i.e. 1–2 hour) with longer (i.e. 6–8 hour)
periods of NMP with reduced oxygenation could throw potential benefits, versus greater
oxygenation, into sharper relief. Porcine auto- and allotransplantation models would provide
more definitive evidence of benefits post-implantation.
3.5 Conclusion
Perfusing porcine kidneys with reduced oxygen concentrations compared to those currently
used is not detrimental to renal function and does not raise biomarkers of kidney injury.
However, further work is required to characterise any underlying change in oxidative stress
and to determine the duration of NMP with reduced oxygenation required to exert any
beneficial effects.
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Parameter
Experimental Groups
95% 25% 12% 6% Air
pH 7.37(0.1) 7.54 (0.3)a 7.37 (0.1) 7.25 (0.1)a,b 7.59 (0.1)b
CaO2 9.30 (0.7) 8.08 (2.4) 7.52 (1.4) 6.95 (2.8) 7.01 (2.7)
DO2 4.19 (2.0) 2.00 (0.8) 2.90 (1.1) 2.16 (1.6) 2.05 (1.1)
VO2 1.06 (0.4)c,d 0.37 (0.2)c 0.43 (0.2) 0.85 (0.7) 0.36 (0.2)d
OER 0.26 (0.04)e 0.18 (0.05)f 0.14 (0.03)e,g 0.35 (0.10)f,g,h 0.19 (0.05)h
Table 3.2 The effect of perfusate oxygenation upon oxygen kinetics and pH during
normothermic machine perfusion following brief ischaemic injury.
Porcine kidneys underwent normothermic machine perfusion (NMP) with varying perfusate
oxygenation (see text) after 2 hours cold ischaemia. Values of pH, oxygen content (CaO2),
delivery (DO2), consumption (VO2) and extraction ratio (OER) were obtained after 1 hour
of NMP. Data presented as mean (SD) and compared by Tukey’s multiple comparisons test
following one-way analysis of variance. Superscript letters denote P values. a, 0.026; b, 0.01;
c, 0.035; d, 0.032; e, 0.009; f, 0.0003; g, <0.0001; h, 0.0006




pH 7.39 (0.06) 7.39 (0.04) 7.37 (0.07)
CaO2 7.90 (0.9)a,b 5.74 (0.6)a 6.29 (1.0)b
DO2 2.82 (0.8) 2.48 (1.1) 2.53 (1.4)
VO2 0.77 (0.4) 0.60 (0.3) 0.47 (0.2)
OER 0.27 (0.1) 0.23 (0.1) 0.20 (0.1)
Table 3.3 The effect of perfusate oxygenation upon oxygen kinetics and pH during
normothermic machine perfusion following long ischaemic injury.
Porcine kidneys underwent normothermic machine perfusion (NMP) with varying perfusate
oxygenation after 17 hours of cold ischaemia (see text). Values of pH, oxygen content (CaO2),
delivery (DO2), consumption (VO2) and extraction ratio (OER) were obtained after 1 hour
of NMP. Data presented as mean (SD) and compared by Tukey’s multiple comparisons test
following one-way analysis of variance. Superscript letters denote P values. a, 0.0007; b,
0.0045
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Parameter
Experimental Groups
95% 25% 12% Control
pH 7.33 (0.06) 7.44 (0.12)a 7.33 (0.08) 7.22 (0.04)a
CaO2 6.64 (0.2) 8.18 (1.3) 8.21 (1.2) 8.38 (2.4)
DO2 2.30 (0.7) 4.35 (2.4) 3.07 (1.6) 2.90 (1.3)
VO2 1.35 (0.3) 2.01 (0.8) 1.46 (0.6) 1.47 (0.7)
OER 0.62 (0.2) 0.49 (0.1) 0.50 (0.1) 0.51 (0.02)
Table 3.4 The effect of perfusate oxygenation upon oxygen kinetics and pH during
machine reperfusion following long ischaemic injury.
Porcine kidneys underwent normothermic machine perfusion (NMP) with varying perfusate
oxygenation (see text) after 17 hours cold ischaemia, before machine reperfusion for 3 hours.
Values of pH, oxygen content (CaO2), delivery (DO2), consumption (VO2) and extraction
ratio (OER) were obtained after 3 hours. Data presented as mean (SD) and compared by
Tukey’s multiple comparisons test following one-way analysis of variance. Superscript letters
denote P values. a, 0.0007
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Fig. 3.2 The effect of reducing oxygenation on renal function during normothermic
machine perfusion after a short cold ischaemic injury.
Porcine kidneys were subjected to 10 minutes of warm ischaemia and 2 hours of cold
ischaemia, before 1 hour of normothermic machine perfusion (NMP). During NMP, groups
were perfused with either 95% (n=8), 25% (n=6) 12% O2 (n=6), 6% (n=6) or with air (n=5).
At the end of the period of NMP, mean RBF (A), urine output (B), creatinine clearance (C)
and fractional excretion of sodium (FENa) (D) were measured. Data shown as mean (SD).
Letters denote adjusted P-values by Tukey’s multiple comparisons test following one-way
analysis of variance. A, 0.001; B, <0.0001; C, 0.02; D, 0.004; E, F, and G, <0.0001; H, 0.08;
I, <0.0001.






























































































































































Fig. 3.3 Correlation matrix of perfusion parameters, renal function and oxygen kinet-
ics during normothermic machine perfusion.
A correlation matrix was performed on the pooled terminal (1-hour) values for NMP circuit
parameters, renal function and oxygen kinetics, revealing a number of significant relation-
ships. Values depicted are Spearman’s rank coefficient (r-value). Green shading denote
a significant positive relationship; red shading denotes a significant negative relationship
with P-value significance <0.05. RBF, renal blood flow; UO, urine output; CrCl, creatinine
clearance; FENa, fractional excretion of sodium; pHart, arterial pH; CaO2, perfusate oxygen
content; DO2, oxygen delivery; VO2, oxygen consumption; OER, oxygen extraction ratio;
pHur, urine pH; PUCO2, urine CO2; PUO2, urine oxygen content.
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r 2 = 0.56
P <0.0001





























Fig. 3.4 The association between circuit-defined renal blood flow, renal function and
oxygen kinetics during normothermic machine perfusion.
To examine whether renal blood flow remained the primary determinant of renal function
and oxygen use during normothermic machine perfusion, the relationships between pooled
values for renal blood flow (RBF) – determined by normothermic machine perfusion circuit
pump speed – and renal functional parameters were assessed by linear regression. P-values
denote significance of slope deviation from zero. R-values denote goodness of fit. CrCl,
Creatinine Clearance; DO2, oxygen delivery; VO2, oxygen consumption.
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* P < 0.0001 vs. all groups







































































Fig. 3.5 The relationships between urine and perfusate oxygen tensions during nor-
mothermic machine perfusion, and relationships to other perfusion parameters.
To examine the effect of perfusate oxygen concentration upon urine oxygen tension, pelvica-
lyceal urine oxygen tension was measured in porcine kidneys following 1 hour of normoth-
ermic machine perfusion with different perfusate oxygen concentrations (A). Groups were
perfused with either 95% (n=8), 25% (n=6) 12% (n=6) or 6% O2 (n=6) or with air (n=5).
The relationships between UO2 and renal blood flow (B), oxygen consumption (VO2, C) and
fractional sodium excretion (D) was assessed by linear regression of pooled values from all
kidneys.
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Fig. 3.6 The effect of reducing oxygenation on renal function during normothermic
machine perfusion after a long cold ischaemic injury.
Porcine kidneys were subjected to 10 minutes of warm ischaemia and 17 hours of cold
ischaemia before 1 hour of NMP. During NMP, groups were perfused with either 95%
(n=8), 25% (n=6) or 12% O2 (n=9), all with 5% CO2 and N2 balance. At the end of NMP,
mean renal blood flow (A) urine output (B), creatinine clearance (C) and fractional sodium
excretion (D) were measured. Data presented as mean (SD) all compared using one-way
ANOVA with Tukey’s multiple comparisons test. * 25% group vs. 95% group P=0.035; **
25% group vs. 12% group P=0.048
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Fig. 3.7 The effects of reducing perfusate oxygenation during normothermic machine
perfusion (NMP) upon renal function during subsequent reperfusion.
Kidneys receiving either 95%, 25% or 12% O2 during NMP then underwent reperfusion for
3 hours, whilst a control group was reperfused after a further hour of cold storage. At the
end of reperfusion, mean renal blood flow (A) urine output (B), creatinine clearance (C) and
fractional sodium excretion (D) were measured. Data presented as mean (SD) all compared
using one-way ANOVA with Tukey’s multiple comparisons test. * 25% vs. 95% P= 0.001,
** 25% vs. 12% P=0.012, # 25% vs. control P=0.017.
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Fig. 3.8 Lowering perfusate oxygenation during NMP does not do not effect urinary
concentration of NGAL or tissue HMGB1 levels.
After 3 hours of reperfusion, pelvicalyceal urine samples were analysed for levels of tubu-
lar injury marker Neutrophil Gelatinase-Associated Lipocalin (NGAL) and cortical tissue
samples were analysed for levels of High Motility Group Box-1 (HMGB1).
Chapter 4
Regional oxygenation and perfusion
during porcine kidney reperfusion
4.1 Introduction
The circulation of the mammalian kidney is well described, as are the differences between
renal cortical and medullary circulation - namely a ten-fold discrepancy in flow, absence of
collateral vessels, and a medullary circulation that relies entirely on blood that has already
passed through the renal cortex. However, less is known about the regional oxygenation
arising from this unique circulatory arrangement, especially during reperfusion following
ischaemia. The medullary circulation is disproportionally affected by ischaemic hypoperfu-
sion, meaning that inherent differences between regions are likely to be greatly amplified
in the reperfusion period. This in turn may lead to greater medullary damage from IRI,
compounding injury in an already-vulnerable tissue.
Detailed measurements of large-animal and human renal circulation and oxygenation
before and after ischaemia have been limited by physical and imaging access to the deeper
medullary tissues. However, an experimental NMP circuit affords measurement of renal
function, oxygen kinetics and microvascular perfusion for kidneys undergoing ischaemia-
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reperfusion, in an ex-vivo environment designed to closely model in vivo conditions (section
1.5.3). Until now, an NMP circuit has not been used to answer experimental questions about
regional oxygenation and perfusion of the renal transplant allograft.
The aim of this study was threefold; firstly to ascertain baseline values for regional renal
PtO2 and MVP in a large animal model. Secondly, to investigate the effect of clinically
relevant periods of cold ischaemia and machine reperfusion upon the aforementioned baseline
values. Finally, it was anticipated that this study would supplement subsequent investigations
into human regional reperfusion by providing baseline values that would be challenging to
obtain.
Related to our aims, we hypothesised that:
1. Baseline in-vivo MVP and PtO2 would be greater in the cortex than the medulla
2. Ischaemia-Reperfusion would cause a global reduction in both MVP and PtO2, but
greater reductions in the medulla
4.2 Methodology
To provide baseline measurements of regional oxygenation and perfusion in the porcine
kidney, three adult female landrace pigs underwent controlled DCD kidney retrieval (section
2.2.2). The renal pedicles were exposed and slung with ties, and two fibre-optic probes
were inserted into the kidney sequentially into upper pole cortical and medullary tissue to
measure microvascular perfusion and tissue oxygenation (section 2.4.4). After 5-minute
serial recordings, in both cortex and medulla, probes were withdrawn and their position
noted. The retrieval then proceeded as previously described with in-situ renal artery ligation
and 30 minutes warm ischaemia followed by a cold flush and 6 hours of SCS.
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Fig. 4.1 Experimental design for determining baseline and reperfusion values for re-
gional renal microvascular perfusion and tissue oxygenation.
Three adult female landrace pigs underwent controlled DCD kidney retrieval. During re-
trieval and prior to occlusion of renal blood flow, 5-minute serial recordings of baseline
laser doppler flowmetry and fluorescence optode phosphorimetry were taken in both cortex
and medulla (point B). Kidneys were subjected to 30 minutes warm ischaemia followed
by 6 hours of static cold storage (SCS), either with or without dimethymalonate (DMM)
for an unrelated concomitant experiment. Kidney pairs were then subjected to 3 hours of
normothermic machine reperfusion After 1 hour of reperfusion, probes were re-sited in
cortical and medullary tissue to assess the effect of reperfusion (R) upon regional perfusion
and oxygenation.
To provide measurements of regional oxygenation and reperfusion during normothermic
machine reperfusion, kidney pairs were subjected to 3 hours of normothermic machine
reperfusion (as described in section 2.2.4). After 1 hour of reperfusion, fibre-optic probes
were re-sited and sequential measurements recorded as previously described.
4.3 Results
4.3.1 Intraoperative baseline characteristics
Intraoperative measurements of peripheral oxygen saturation, respiratory and heart rate and
EtCO2 were similar between all animals (table 4.1).
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4.3.2 Intraoperative regional perfusion and oxygenation
Paired regional comparisons were made during the pre-ischaemic phase. Intraoperative
microvascular perfusion (Fig.4.2A) was similar in the medulla and cortex (5.46±0.6 vs.
3.95±1.2 kPa, P=0.563). Similarly, median tissue oxygenation (Fig.4.2B) in the medulla was
comparable to that in the cortex (489.7±181.7 vs. 308.4±126.8 BPU, P=0.313)
Whilst there were no significant differences between groups’ regional baseline MVP
and PtO2, within regions there was notable inter-kidney variation. For example, mean
cortical PtO2 in kidney ’49’ was 0.84±0.1 kPa, whereas in kidney ’50’ it was 17.34±0.2 kPa
(Fig.4.2B). Whilst mean medullary MVP in kidney ’51’ was 873.7±74.4 BPU, in kidney ’49’
it was 83.5±2.7 BPU (Fig.4.2A). There was a greater inter-kidney variation of PtO2 in the
cortex at baseline than in the medulla (Fig.4.2B). There was a greater inter-kidney variation
of MVP in the medulla at baseline than in cortex (Fig.4.2A).
4.3.3 Regional perfusion and oxygenation during machine reperfusion
All six kidneys underwent machine reperfusion after 6 hours of cold ischaemia. The mean
renal blood flow across all kidneys was 68.3±5.9 ml/min/100g. Measurement of starting
haemoglobin and pH was inaccurate for some kidneys, indicating that values were outside of
measurable range. However, readings were within acceptable range upon re-measurement at
1h reperfusion.
A sub-group analysis suggested that the compound delivered during the cold flushing
phase may have significantly affected renal blood flow and regional blood flow (supplemental
Fig.C.1A in appendix C); therefore the non-control kidneys were removed from analysis of
the machine reperfusion phase of the experiment.
Paired regional comparisons were made during this reperfusion phase. At the end of
machine reperfusion, whilst overall median tissue oxygenation (Fig.4.3A) in the medulla
(10.28±4.63 kPa) was different to that in the cortex (2.72±1.01 kPa), there were no differences
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on paired comparison (Wilcoxon’s matched-pairs signed rank test P=0.25). Similarly, no
significant differences in regional microvascular perfusion (Fig.4.3B) between areas ( median
values cortex 372.1±84.5 vs. medulla 287.1±38.7 BPU).
As with the intraoperative readings, there was a marked inter-kidney variety, especially
in medullary PtO2 (Fig.4.3A) and equally across regions in MVP (Fig.4.3B)
4.3.4 The effect of ischaemia-reperfusion upon regional perfusion and
oxygenation
The perfusion and oxygenation of the cortex and medulla during reperfusion were compared
against their respective pre-ischaemic baselines.
Unpaired analysis with Mann-Whitney tests (due to samples lost from DMM kidneys) did
no suggest significantly different cortical tissue oxygenation during reperfusion (Fig.4.4A,
overall median 2.72±1.01 vs. a baseline of 3.95±1.2 kPa, P=0.76). Whilst numerically the
overall medullary median oxygenation was higher during reperfusion (Fig.4.4B, overall
median 10.28±4.63 vs. a baseline 5.481±0.6 kPa) this apparent difference did not reach
significance (P=0.61).
Unpaired analysis of cortical microvascular perfusion suggested no post-reperfusion
change from baseline (Fig.4.5A, overall median values 372.1±84.5 vs. 308.4±126.8 BPU
respectively, P=0.91), neither was this demonstrated in medullary tissue (Fig.4.5B, overall
median reperfusion value 287.1±38.7 vs. a baseline of 489.7±181.7 BPU, P=0.48).
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4.4 Discussion
Using a porcine model of DCD kidney retrieval and NMP reperfusion, we examined the
effect of transplant ischaemia-reperfusion injury upon regional microvascular perfusion and
tissue oxygenation.
The major findings of this study were that baseline values for both MVP and PtO2 were
widely variable ; and that transplant IRI did not appear to consistently disrupt these values in
either overall or in a regionally distinct manner. These preliminary findings important because
they are the first to describe regional MVP and PtO2 in a commonly-used transplantation
animal model and during NMP. They further add to the limited observations describing
medullary physiology during transplant ischaemia-reperfusion.
4.4.1 Baseline measurements of regional perfusion and oxygenation
In the pre-ischaemic anaesthetised pig, overall laser Doppler flux in individual kidneys varied
greatly, with no clear regional differences. Tissue oxygenation at baseline mirrored MVP,
with overall greater values in the medulla but inter-kidney variability in the magnitude of
regional differences.
Our results may initially seem to contradict the large body of anatomical and physiological
evidence suggesting that mammalian medullary renal blood flow is lesser than that of the
cortex. We suggest however that our findings relate to probe placement, and the unusual renal
vascular anatomy. The LDF and FLO probes measure an area of approximately 1cm3; thus
they sample only a small volume of total regional tissue. Probes were sited by depth only,
with position confirmed post-hoc. The renal pyramids containing the medulla are surrounded
by ascending interlobar arteries. As LDF does not delineate flow direction, interlobar arterial
blood flow at the level of the medulla may have been sampled though it was not supplying
medullary tissue. Near the cortical surface however large vessels have long since divided,
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thus the cortical probes may have sample only the localised microvasculature. Furthermore,
as the LDF probes calculate a relative value of blood transit (Blood Perfusion Units) it is
difficult to ascertain what physiological significance the baseline differences represent.
Our comparatively low cortical PtO2 values also appear to differ from the literature, with
most reports in small mammals suggesting lower medullary PtO2 [93]. However, studies of
the renal microcirculation rarely ‘scale up’ from mouse to large mammal [94] and only one
study has previously compared both cortical and medullary PtO2 in the pig, using Clark-type
electrodes to describe mean PtO2 of around 6kPa in the cortex [173]. Fluorescence optodes
give less variable and proportionally lower PtO2 values than Clark microelectrodes [106],
which may partly explain the differences between our findings.
Furthermore, lower cortical values may represent arteriovenous oxygen shunting arising
from close anatomical relationship between cortical preglomerular arterioles and venules
[123]. It is thought that this relationship may act as an anatomical antioxidant to mitigate the
effects of cortical tissue receiving far higher renal blood flow (for filtration) that it requires
for metabolism [127].
The heterogeneity of cortical PtO2 measurements may represent sampling points upon a
radial arterio-glomerular gradient. Upon passing a Clark microelectrode sequentially through
the cortex and medulla of rat and dog kidneys Lubbers and Baumgartl demonstrated values
ranging from near-arterial (11kPa) down to 5.5kPa [109]. Similarly, ultramicroelectrode
measurements of single-nephron oxygen tension suggest a wide range of values (10.7–6.0
kPa) from artery to afferent arteriole [169]. Hence, tissue along an isobathic line may have
differing oxygen tension depending upon its distance from an artery.
The proportionally high medullary PtO2 we found again differs from many murine
data suggesting lower oxygenation in the medulla [93]. Zhang et. al found lower porcine
medullary PtO2 (of around 3.5kPa compared to 6kPa in the cortex) using Clark microelec-
trodes [172]. However, Evans and colleagues found proportionally higher medullary PtO2, in
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a rabbit model using FLO.[48] suggesting that our values may relate to the FLO technique.
Given that the greater PtO2 follows the higher values in MVP; this may thus represent a
similar sampling effect. The heterogeneity of medullary PtO2 differ from reports in the
literature, with Lubbers and Baumgartl having found medullary PtO2 to be much less variable
than cortical PtO2 [109].
Finally, we cannot exclude the possibility that some probes were placed outside of
medullary tissue, close to an ascending interlobar artery.
4.4.2 Reperfusion measurements of oxygenation and perfusion
Following 6 hours of cold ischaemia and 1 hour of NMP reperfusion, no significant shifts in
either microvascular perfusion and tissue oxygenation were seen when compared to their
respective regional baselines, or inter-regionally during reperfusion itself. The marked
inter-individual heterogeneity noted in the baseline measurements was also present during
reperfusion.
These data provide the first description of regional MVP and PtO2 during porcine kidney
NMP, and suggest distinct regional responses to transplant IRI.
In a porcine autotransplantation model, Maiga and colleagues demonstrated a 50%
reduction in cortical perfusion after 1 hour reperfusion.[111] Similarly, Siegemund et. al
describe a steady decline in cortical blood flow during the first 4 hours following pig aortic
cross-clamp removal [153]. Comparable post-reperfusion reductions in cortical blood flow
have been demonstrated in human [13] rabbit [48] and rat [72] models using a variety of
techniques.
There was more apparent numerical fall in medullary MVP during reperfusion (though
not one reaching significance), with the net effect that cortical perfusion became greater
than medullary during reperfusion. In contrast to studies of porcine (and other mammalian)
cortical perfusion following IRI, no available studies have examined porcine medullary
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MVP. Our results would appear consistent with murine and rabbit studies that describe
proportionally greater reduction in medullary perfusion post-ischaemia [48, 72, 142, 171].
In contrast to perfusion, reperfusion regional oxygenation was greater than baseline in
the medulla and lesser than baseline in the cortex, with absolute values also greater in the
medulla.
Cortical PtO2 readings were heterogenous, with two kidneys recording PtO2 close to zero,
and another reading closer to 10kPa. As in the cortex tissue oxygenation appears to have
followed perfusion, this pattern may represent patchy cortical perfusion. Other groups have
described such a relationship between cortical perfusion and oxygenation in a reperfusion
state, however most have observed significant paired decrements to both factors.
Reperfusion PtO2 in medullary tissue was similarly heterogenous. Interestingly, in certain
kidneys a post-reperfusion increase in oxygenation occurred whilst perfusion decreased.
This seemingly paradoxical picture has also been described during studies of medullary
oxygenation by phase-contrast MRI imaging [66] and a model of rabbit renal hypoperfusion
[48]. As tissue oxygenation is a factor of oxygen delivery and consumption [170] it has been
suggested that a rise in medullary PtO2 during reperfusion may represent decreased oxygen
consumption secondary to reduced resorptive workload [66].
4.4.3 Limitations
The conclusions drawn from this study are qualified by a number of important limitations.
Our porcine model, whilst well-described, is likely to have underestimated the ischaemic
damage sustained during SCS, as young porcine kidneys lack the pre-existing kidney injury
found in the older, comorbid human donors. Age and comorbidity are independent factors
for graft failure [160] and are likely to heterogeneously affect kidney regions. In our
model we cannot comment upon the effects of age or comorbidities upon clinical donor
kidney regional reperfusion. Because only single readings of MVP and PtO2 were taken
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after 1 hour of reperfusion, we are not able to determine whether values in this model are
dynamic or stable. Similarly, as we did not measure creatinine clearance, sodium excretion
or oxygen consumption from the NMP perfusate, we are not able to correlate differences
in regional perfusion and oxygenation with either function (glomerular filtration and urine
concentration respectively) or with oxygen kinetics. The inhaled anaesthetic agent and high
FiO2 / PPO2 during baseline readings and both experimental phases respectively are likely to
have influenced renal oxygenation and blood flow, but are factors we cannot account for as
we did not measure baseline cardiac output or arterial oxygen content.
In an effort to reduce animal numbers, kidneys in this pilot study formed the control arm
for another study investigating the use of a pharmaceutical addition to the NMP perfusate.
Consequently, reperfusion measurements for 2 of the 6 kidneys from which we took baseline
readings were not available. Furthermore, only one area of cortex and medulla was sampled
per kidney at each timepoint, with considerable inter-kidney regional variation. These
low sample numbers increase the chance of standard error in our results and prevented us
from performing more powerful paired analyses to compare reperfusion and baseline values.
Whilst numerical trends in our data appear to follow previous findings in other animal models,
statistical non-significance clearly precludes our ability to draw any firm conclusions from
our data.
Whilst measurement of microvascular perfusion by LDF is well-validated, it provides
only a limited assessment of flow, given that it can only demonstrate flux in arbitrary units
relative to a normalized baseline [47] and cannot determine the direction of flow. In the
kidney and especially the medulla, opposing vessels (such as AVR and DVR) may lie in
close approximation and this technique is not sensitive enough to differentiate between such
vessels. Fluorescence optometry compares favorably with gold standard Clark microelectrode
measurement [93, 118, 106] the presence of tissue oxygenation does not preclude cellular
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hypoxia. In a rabbit model of renal ischaemia, Abdelkader and colleagues demonstrated outer
medullary cellular hypoxia – as evidenced by pimonidazole immunohistochemistry - despite
stable PtO2 when measured by fluorescence optode [8]. Therefore we cannot comment upon
the effect of TIRI on regional cellular oxygenation.
4.4.4 Conclusions and future work
In conclusion, these data provide a snapshot of regional oxygenation and perfusion in
the porcine kidney under general anaesthesia and following recent ischaemia-reperfusion,
including the first description of both during clinically-relevant normothermic machine
perfusion. Microvascular perfusion and tissue oxygenation differ markedly within areas
of both cortex and medulla, but do not appear to exhibit binary inter-regional differences.
Transplant IRI disrupted MVP and PtO2 in both regions but it is not clear if it did so
in a consistent fashion. Future work should look to collect multiple samples of regional
oxygenation and perfusion across different reperfusion timepoints, and correlate these data
with markers of renal function, oxygen kinetics and tissue injury to better understand their
significance.
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Fig. 4.2 Pre-ischaemic renal regional oxygenation and perfusion.
To determine in-vivo regional patterns of intrarenal tissue oxygenation (PtO2) and microvas-
cular perfusion, porcine kidneys (n=6) were instrumented under general anaesthesia with
laser Doppler (A) or fluorescence lifetime oximetry (B), placed for 5 minutes sequentially
into cortex and medulla. To compare cortex and medulla and inter-kidney variation, median
values from all kidneys were paired. ns, non-significant value for Wilcoxon’s matched-pair
signed rank test; kPa, kilopascal; BPU, blood perfusion units.
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99.3 (0.7) 5.1 (0.8) 62 (11)TBP52 161
Table 4.1 Baseline intraoperative physiological characteristics of female landrace pigs.
Three adult female landrace pigs (coded TBP47-52) underwent controlled DCD kidney
retrieval, prior to which kidneys were instumented with fibre-optic probes into upper pole
cortical and medullary tissue to measure microvascular perfusion and tissue oxygenation.
Values are mean (SD). There were no significant differences between animals in terms of
intraoperative peripheral oxygen saturations (Sats), end-tidal CO2 (ETCO2,) or heart rate
(HR).


















































Fig. 4.3 Post-reperfusion renal regional oxygenation and perfusion.
To examine regional patterns of intrarenal microvascular perfusion (MVP) and tissue oxy-
genation (PtO2) during machine reperfusion, porcine kidneys (n=4) underwent 3 hours of
machine reperfusion following 30 minutes of warm ischaemia and 6 hours of cold ischaemia.
Laser Doppler perfusion (A) and fluorescence lifetime oximetry (B) probes were placed
in the same area as baseline (4.2) for 5 minutes sequentially into cortex and medulla. To
compare cortex and medulla and inter-kidney variation, median values from all kidneys
were paired. ns, non-significant value for Wilcoxon’s matched-pair signed rank test. kPa,
kilopascals; BPU, blood perfusion units.































Fig. 4.4 The effect of ischaemia-reperfusion injury upon cortical and medullary tissue
oxygenation.
To investigate the effect of ischaemia-reperfusion injury upon regional oxygenation in
transplant kidneys, cortical and medullary tissue oxygenation (PtO2) was measured in the
cortex and medulla of pig kidneys pre-ischaemia (n=6) and during machine reperfusion (n=4)
after 30 minutes of warm ischaemia and 6 hours of static cold storage. Represented are
unpaired median values from each kidney. ns, non-significance for Mann-Whitney U value;
kPa, kilopascal.


























































Fig. 4.5 The effect of ischaemia-reperfusion injury upon cortical and medullary tissue
perfusion.
To investigate the effect of ischaemia-reperfusion injury upon regional microvascular perfu-
sion (MVP) in transplant kidneys, cortical and medullary MVP was measured in the cortex
and medulla of pig kidneys pre-ischaemia (n=6) and during machine reperfusion (n=4) after
30 minutes of warm ischaemia and 6 hours of static cold storage. Represented are unpaired




oxygenation during human kidney
normothermic machine perfusion
5.1 Introduction
In the previous chapter (4) we measured regional renal microvascular perfusion and tissue
oxygenation in a porcine NMP model of transplant reperfusion, demonstrating heterogeneous
regional microvascular perfusion and tissue oxygenation following transplant ischaemia-
reperfusion. These data provided compelling evidence that the circulatory disruption during
reperfusion demonstrated previously in myriad small-animal models was also present in larger
mammalian kidneys, and further that these regional changes could be measured accurately
during normothermic machine perfusion.
From this pre-clinical work arose several important questions. Firstly, to what extent
findings from young healthy porcine kidneys could be applied to the typical adult human
deceased-donor allograft, with their added multifactorial ischaemic injuries, comorbidities
and heterogeneity (section1.2). Secondly, the time-scale over which regional disturbances
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occur, given that reperfusion injury describes a rapidly evolving condition of cellular, tissue-
level and systemic responses (section1.3).
Finally, whether existing hypotheses regarding vascular injury during kidney reperfusion
could explain the observed disruptions to renal physiology. Heterogeneous capillary per-
fusion, oedema and microvascular thrombosis have been observed in the cortex of human
kidneys during early reperfusion [147, 108] and postulated to be responsible for reductions
in blood flow and oxygenation, but these have not been examined in the human medulla.
The aim of this chapter was therefore to expand upon the previous chapter’s findings, in-
vestigating the compartmental oxygenation and microvascular perfusion during normothermic
machine perfusion reperfusion in human kidneys declined for transplantation. Microvas-
cular fibrin deposition is a common and ubiquitous feature of tissue injury, is associated
with thrombosis and tissue oedema [110] and readily asssayed in histological samples. We
therefore further aimed to examine regional fibrin deposition following reperfusion, as a
surrogate marker of tissue injury.
In relation to our aims, we hypothesised that:
1. There would be little correlation between circuit parameters and microvascular perfu-
sion and oxygenation. This is similar to findings in other studies that have struggled to
find easily measurable corroloraries to MVP and PtO2.
2. Histological evidence of fibrin deposition, secondary to vascular injury, would be
greater in the medulla than in the cortex and would correlate with tissue perfusion.
5.2 Methodology
In an initial ’pilot’ series, twelve kidneys underwent normothermic machine perfusion (sec-
tion 2.3.2) with the primary aim of collecting preliminary human data on the feasibility of
probe use. No selection was made of the kidneys based upon condition, donor characteristics
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or ischaemic times. These kidneys were also being utilised in other studies (in a similar
manner to the ’3R’ principles applied to animal studies); some received pharmacological
compounds and underwent a variety of lengths of perfusion under different sampling sched-
ules. To assess regional fluctuations in tissue oxygenation and microvascular perfusion,
fiber-optic probes were placed simultaneously into upper pole cortical and medullary tissue
(section 2.4.4). To capture the initial reperfusion, probes were sited prior to the start of NMP,
and recordings made continuously for 90 minutes.
In a subsequent ’Platform’ series (so named because tissue from this series would be
used to run highly-multiplexed expression analysis, (see Chapter 6) a more select group of
7 human kidneys underwent 90 minutes of machine reperfusion (identical in methodology
to the pilot series). The inclusion criteria for kidney recruitment into this group were: an
estimated CIT <24 hours before onset of NMP (accounting for travel time to Addenbrookes
hospital), absence of any absolute contraindications to transplantation and absence of AKI
prior to retrieval. Perfusion and fiber-optic probe placements followed the same protocol as
the pilot group. Additionally, perfusate and urine samples were taken hourly and cortical and
medullary tissue samples (section 2.4.1).
To assess for post-perfusion deposition of fibrin, end-perfusion cortical and medullary
samples from the Platform series were stained by the Martius Scarlet Blue (MSB) method
and analysed for percentage fibrin composition according to methods described in section
2.4.3.
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5.3 Results
5.3.1 Baseline donor characteristics and initial normothermic machine
perfusion parameters
Because some of the pilot group kidneys received pharmacological compounds and underwent
a variety of lengths of perfusion under different sampling schedules, we decided therefore to
do a sub-analysis of the pilot control kidneys only. Data were graphed sequentially as the
pilot, pilot control and platform (table 5.1 onwards). The mean donor age was 62 years in
the pilot group and 57 years in the platform groups, with no difference reported between
the groups. Kidneys were perfused following both DBD and DCD retrieval and donors
of both sexes. The mean cold ischaemic time (CIT) was 1475 mins (24.5 hours) in the
pilot group kidneys, and significantly shorter in the platform group at 995 mins (16.5 hours,
unpaired t-test P=0.03). There was no significant difference between groups in terms of
warm ischaemic times.
There were no significant differences between groups’ starting haemoglobin concentra-
tion, haematocrit, kidney weight, pH, PPO2 or perfusate temperature (table 5.2).
5.3.2 Renal function and oxygen kinetics during machine reperfusion
Oxygen kinetics were calculated for the platform series at 60 and 90 minutes, and for some
(n=7) of the pilot series at 60 minutes (table 5.3). After one hour of reperfusion, renal
blood flow was significantly higher in the platform series (P=0.026) as was oxygen delivery
(P=0.035) However, oxygen content and extraction ratio were higher in the pilot series
(P=0.0012 and 0.0047 respectively). There were no differences between groups in terms of
urine output, perfusate pH or oxygen consumption (table 5.3).
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5.3.3 Regional microvascular perfusion during machine reperfusion
In the pilot series, mean MVP was greater in the cortex than in the medulla (718.9±363.7 vs.
438.7±254.8 BPU, P<0.0001). However, medullary MVP was greater than cortical MVP
during the initial 15 minutes of perfusion (appendix C, Fig.C.2A).
When only the pilot control kidneys were analysed, MVP was significantly greater in the
medullary region (452.5±374.6 vs. 305.7±280.4, P=0.025). There was a decline in MVP
across both regions with time (appendix C Fig.C.2B).
In the platform series, overall MVP was higher in the cortex (791.3±494.1 vs. 459.6±144.1
BPU P<0.0001) however, towards the end of reperfusion regional values were similar (ap-
pendix Fig.C.2C)
When the pilot controls and platform kidney perfusions were pooled for analysis (Fig.5.1A)
median microvascular perfusion was greater in the cortex (582.9 BPU) than the medulla
(372.3 BPU, Mann-Whitney test P<0.0001). However during the initial 15 minutes of
reperfusion, there was no clear region receiving greater blood flow (Fig.5.2).
When regional MVP was compared against global RBF (Fig.5.1B), an initial fall in RBF
appears to be mirrored by both cortical and medullary MVP. A subsequent increase in RBF
does not appear to be apparent in either region. However, overall there was a significant
weak-positive correlation between cortical MVP and global RBF (Fig.5.5, Spearman’s rank
coefficient r = 0.341, P=0.041).
5.3.4 Regional tissue oxygenation during machine reperfusion
In the pilot series, mean PtO2 was higher in the cortex than the medulla (13.3±4.1 vs. 4.4±1.5
kPa P<0.0001) Against time, cortical oxygen remained higher than medulla values throughout
the reperfusion (appendix Fig.C.3A).
In the controls-only pilot analysis, mean cortical and medullary PtO2 was 6.07±3.1 and
2.26±2.0 respectively (P<0.0001). Whilst mean values were higher, cortical oxygenation fell
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from the peak in the first 10 minutes to similar levels as the medulla by 30 minutes, before
rising again towards the end of 90 minutes (appendix Fig.C.3B).
The platform series mean PtO2 was greater in the cortex than the medulla (13.23±±4.0
vs. 3.93±2.2 kPa, P<0.0001). Medullary oxygenation fell precipitously during the initial
10 minutes of reperfusion, and remained low for the rest of the experiment. Cortical PtO2
continued to rise throughout the reperfusion (appendix Fig.C.3C).
When the pilot controls and platform kidney perfusions were pooled for analysis (Fig.
5.3A) mean tissue oxygenation was higher in the cortex than the medulla (10.24±2.03 vs.
3.20±1.2 kPa respectively, Mann-Whitney test P<0.0001). Medullary PtO2 fell over the
initial 30 minutes of reperfusion, whilst cortical PtO2 increased with time. When regional
PtO2 was plotted against global RBF (Fig.5.3B), cortical PtO2 appeared to be more closed
related to RBF than medullary PtO2. However, neither demonstrated significant correlation
with RBF (Fig. 5.5, see section below for greater detail).
5.3.5 Correlations between donor characteristics, performance during
machine reperfusion and regional oxygenation and perfusion
For the combined pilot-control and platform series, a correlation matrix was performed on
pooled values for donor characteristics, circuit parameters, renal function, oxygen kinetics,
regional MVP and regional PtO2 (Fig. 5.5).
There was a strongly positive correlation between medullary PtO2 and urine output (r=0.8
P=0.0003 and by linear regression in Fig. 5.6).
There was no significant relationship between the perfusion and oxygenation in the
cortex (P=0.29). However, there was a significant positive relationship between the two
in the medulla (Spearman’s rank coefficient r=0.45, P=0.01, Fig.5.5). There were weakly-
positive correlations between cortical MVP and medullary MVP (r=0.45 P=0.01), global RBF
(r=0.34 P=0.04) and medullary PtO2 (r=0.45 P=0.01). There was further a weakly-positive
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correlation between medullary MVP and medullary PtO2 ( r=0.45 P=0.01). There were no
significant relationships between cortical PtO2 and any other parameters.
5.3.6 Regional fibrin deposition following reperfusion
In total, 560 images from each region were analysed, pooled from all platform kidneys.
Representative images from each region are shown in figure 5.7A and B. The median
percentage positive staining for fibrin was 0.0046 in the cortex and 0.0063 in the medulla
(P=0.003, unpaired Mann-Whitney test). The majority of cortical deposition occurred in
Bowman’s spaces, and medullary fibrin deposition was concentrated in tubular lumina, rather
than peritubular capillaries (Fig. 5.7C).
5.4 Discussion
Using an NMP model of transplant reperfusion, we examined regional patterns of microvascu-
lar reperfusion and tissue oxygenation in human kidneys. Our major findings were that NMP
reperfusion led to widespread changes in microvascular perfusion, with relative medullary
hyperperfusion especially prominent immediately following restoration of blood flow. Fluc-
tuations in perfusion continued throughout the first 90 minutes of reperfusion and appeared to
be unrelated to global renal blood flow, function or oxygen kinetics or have a reliable relation-
ship to tissue oxygenation. In contrast, regional tissue oxygenation rapidly diverged, reaching
pre-ischaemic values in cortex and medulla after an hour of reperfusion. Medullary tissue
oxygenation correlated with urine output, providing the only strong association between
either phosphorimetric parameter and global kidney condition.
These results are important because they provide the first description of regional mi-
crocirculation and oxygenation of human transplant kidneys during normothermic machine
perfusion. They provide a novel insight into regional discrepancies within the kidney dur-
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ing early (simulated) transplant reperfusion, and emphasise the difficulties of predicting
medullary (and indeed cortical) condition using global markers of renal function alone.
5.4.1 Regional microvascular perfusion during reperfusion
Overall, microvascular perfusion was greater in the cortical compartments. However, there
was little disparity between compartments at the beginning and end of perfusions (fig.5.1);
indeed the greatest inter-compartmental flux was observed during the initial 15 minutes of
perfusion (Fig. 5.2) Under normal conditions close to 80 percent of total RBF is delivered to
the cortex, so this represents a significant medullary hyper-perfusion during early reperfusion.
There is no clear resolution of these disruptions after 90 minutes of reperfusion, suggesting
they may persist beyond our experimental time-frame.
Very few studies have examined human renal microvascular perfusion following IRI;
and none have described medullary perfusion, used phosphorimetry, nor described findings
during NMP. Using a thermodiffusion technique inserted into the cortex of 30 donor kidneys
during engraftment and for up to 7 days post implantation, Angelscu and colleagues described
low initial cortical blood flow of 69.9 mL/100g/min that rose to 85.7 mL/100g/min around
a hour later but do not report more detailed initial changes [13]. Our findings of relatively
reduced cortical perfusion are consistent with findings in porcine autotransplant ([111]) and
cross-clamp ([153]) studies and others in small mammals [48, 72].
The fluctuating perfusion we describe in the medulla mirrors conflicting data from the
small number of existing small-animal studies. Evans et al. ([48]) recorded a reduction
in rabbit medullary flow during reperfusion, whereas other murine studies have variously
reported a gradual return to baseline ([171]), hyperperfusion prominently in the inner medulla
([72, 170]) or sustained reductions in flow ([142]). Overall, this would support the notion
that early medullary reperfusion is heterogenous, labile and liable to sampling and temporal
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discrepancies. In our model, which necessitates a large volume of ’bypass’-style tubing,
erythrocyte deformity may also increase microvascular shunting [72].
5.4.2 Regional tissue oxygenation during reperfusion
Unlike microvascular perfusion, PtO2 diverged early between regions. Cortical PtO2 fell
initially, before increasing after 30 minutes reperfusion; in contrast medullary PtO2 fell
across reperfusion, with brief interspersed periods of higher oxygenation (Fig.5.3).
Experimental studies of regional renal tissue oxygenation following ischaemic injury are
sparse, with no reports to our knowledge in human kidneys. Most studies in rat [105], rabbit
[48] and pig [153] report a post-reperfusion fall in cortical oxygenation; a finding repeated
by our own porcine study (chapter 4). Our finding of rising cortical PtO2 following an initial
fall may represent sampling at a later timepoint, and more importantly a recovery in tissue
oxygen. Two lines of reasoning support this theory. Firstly, values in both regions stabilise
after around 70 minutes of perfusion (Fig.5.3), and the initial disturbances seen in values
(which has previously been described in the rat cortex in a model of sepsis [44]) are no longer
seen. Secondly, the cortico-medullary oxygen differential after 70 minutes is similar to that
seen in-vivo, with the important caveat that the NMP circuit delivers supra-physiological
PPO2. At the end of 90 minutes reperfusion, cortical PtO2 was 13kPa and medullary PtO2
3kPa. Thus, at the end of 90 minutes NMP perfusion, cortical oxygenation approximates
closely to that found in the highly-oxygenated perfusate (≈12kPa, see chapter 3.3.1). The
90-minute perfusion medullary values of 3kPa broadly corresponds to that found in-vivo
(whereas cortical values are usually reported 6-7kPa across mammals [93]).
The surprising absence of a clear relationship between regional MVP and PtO2, described
in the previous chapter, was also seen in this study (Fig.5.4A and B). The apparent decou-
pling of these inseparable axioms of aerobic respiration may be explained by a number of
phenomena. Firstly, it may be that anatomical shunts remain relatively intact following
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IRI, as whilst severe endothelial and tubular damage may occur, the overarching proximity
of opposing vasculature will not change. Thus, regional PtO2 values can return to those
similar in-vivo despite ongoing circulatory dysregulation. Secondly, heterogeneous local
reductions to filtrative (cortical) and resorptive (medullary) demand, secondary to patchy
reperfusion, may given have been measured globally as a disruption to the normally linear
relationship between perfusion and oxygen consumption [93]. Finally, this may represent
technical limitations, as the LDF probe is not able to determine directional flow or give
perfusion in absolute terms, and nor is tissue oxygenation necessarily a surrogate for cellular
respiration in the complex and evolving reperfusion micro-environment.
5.4.3 The relationship between phosphorimetry and global renal func-
tion
An important clinical question arising from these phosphorimetric data is whether we can
infer regional perfusion and oxygenation from existing measurements taken during NMP.
There was a convincing positive relationship between urine output and medullary oxy-
genation (Fig. 5.6) The absence of a relationship between UO and urine osmolality suggests
intact concentrating mechanisms (i.e. medullary function) in higher-output kidneys. Based
on a series of human kidneys declined for transplantation, Hosgood et al. derived a grading
system for organ assessment during NMP. Alongside patchy physical appearance, poor renal
blood flow (<50mL/h) and urine output (<43mL total) were associated with higher rates of
DGF and lower 12-month eGFR in a subsequent series of transplanted kidneys [81]. Whilst
we might infer therefore that higher medullary oxygenation might be associated with better
graft outcomes, all of the kidneys analysed for this correlation exceeded threshold values for
RBF and UO (table 5.4) and thus fall outside the negative-predictive scope of the scoring
system.
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Whilst pooled values for regional MVP, taken at either 60 or 90 minutes perfusion cor-
related weakly with global RBF, medullary MVP and medullary oxygenation, sequential
temporal comparisons (Fig. 5.4) suggest against these being reliable relationships. This
uncoupling of global blood flow from microvascular perfusion and other functional param-
eters is well-documented across organs and disease states [137]. However, whilst MVP
does not easily correlate with more established markers, a large body of work examining
microvascular changes in septic shock suggests that MVP (and equivalent microvascular
parameters) may offer earlier signs of compromise and recover and thus merit independent
monitoring [64].
5.4.4 Regional fibrin deposition following reperfusion injury
There was significantly greater fibrin deposition in the medulla than in the cortex. This
is consistent with earlier work, where greater deposition has been demonstrated in the
OM of rat kidneys and was consistent with higher tubular injury scores [161]. However,
whilst percentage deposition was similar across cortical samples, medullary fibrin deposition
was less uniform (Fig.5.7C). This may represent heterogeneous injury, or more consistent
sampling of superficial cortical tissues.
Such extravascular fibrin deposition post-IRI has previously been demonstrated in rat
kidney Bowman’s spaces [45] and medullary tubular lumina [161].
Our group has recently described time-dependent cold-storage induced fibrin deposition
in the cortex of human kidneys that prompts intravascular release of fibrinogen, and corre-
lates with red cell aggregation and microvascular plugging [42]. Furthermore, DiRito and
colleagues then describe successful fibrinolysis following delivery of plasminogen and tissue
plasminogen activator during NMP, with improved function and reduced injury markers.
Several reports exist of medullary red cell trapping [72], vascular clogging and tissue
oedema [108] during reperfusion. Combined with the results of DiRito et. al’s study,
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our evidence strongly suggests the presence of medullary vascular plugging, secondary to
increased fibrin deposition that in turn explains the heterogeneous alterations in perfusion
seen.
Anticoagulants are routinely used intra-operatively to prevent anastomotic thromboses,
so our results on a heparinised NMP circuit are likely consistent with the clinical early-
reperfusion environment. Given that anticoagulation has been demonstrated to reduce
post-ischaemic inflammation (through reduced fibrin deposition [56]) this may represent a
mechanism through which NMP exerts a beneficial effect on early graft outcomes. However,
whilst the persistent presence of some fibrin deposition suggests that further anticoagulation
may be beneficial, fibrin exerts pleimorphic effects in acute inflammation, and total knockout
uniformly results in harm in murine models [110].
5.4.5 Limitations
This study employed a clinically-relevant NMP model to examine a heterogeneous group of
human kidneys from both DCD and DBD donors. Because we did not perfuse any kidneys
that with absolute contraindications discovered at retrieval, those we did perfuse very closely
represent the ’marginal donor’ organs that are increasingly considered for transplantation.
We did not attempt to delineate the influence of retrieval methods on regional physiology.
Whilst the regional changes in perfusion and oxygenation described will be similar to the
trajectory of implanted kidneys post-reperfusion, certain factors necessary for the NMP
circuit are likely to have influenced our findings. Firstly, the absence of infiltrating immune
cells (from whole blood) and addition of prostacyclin and steroid to the perfusate are likely to
have modulated (and reduced) endothelial injury. Secondly, circuit heparinisation may have
reduced the observed fibrin deposition and the associated tissue oedema and inflammation.
Finally, whilst regional differences in PtO2 at end-perfusion appear stable, we cannot draw
firm conclusions from the absolute regional PtO2 described because the NMP circuit uses
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a clinical standard of 95% (i.e. hyperoxic) perfusate. Future work to delineate specific
reperfusion phenomena could utilise NMP with a normoxic, whole blood perfusate, without
protective additives.
Using paired phosphorimetric and Doppler probes we were able to make novel dynamic
and simultaneous recordings of cortical and medullary MVP and PtO2 in human kidneys. A
major benefit of this technique is that it causes minimal trauma to the surrounding tissue,
which is essential when sampling the renal medulla deep to the highly vascular CMJ region.
Due to high probe sensitivity and a desire to collect continuous data, we elected only to
instrument one paired-probe site per kidney region. This may represent a major study
limitation, as the heterogeneous nature of reperfusion injury means that it is possible that the
data collected may not have been representative of the whole regional micro-environment.
Furthermore, as previously discussed we cannot determine directional flow from laser-
Doppler flowmetry, nor examine cellular hypoxia with a fluorescence optode with a large
sampling field (see chapter 4.4). Future work could consider multiple probe sites, or the
concomitant use of imaging techniques such as contrast-enhanced ultrasound to gauge
regional heterogeneity and confirm probe placement.
Martius Scarlet Blue (MSB) staining is a well-established technique for assessing fibrin
deposition. However, without concomitant histological or biochemical evidence of tissue
injury, we cannot determine whether the significant regional difference in deposition de-
scribed has any functional importance. Regional inflammatory gene expression analysis was
subsequently analysed on samples from the platform kidney series and discussed in the next
chapter (6).
5.4.6 Conclusions
Transplant reperfusion exerts differential regional effects on the renal microcirculation, likely
due in part to microvascular plugging, that are not easily identified by global measurements
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of kidney function. Compartmental oxygenation appears to return to baselines relatively
quickly, with the uncoupling of these two parameters possibly explained by diffusional
anatomical shunting. Urine output may be a useful marker of medullary oxygenation during
normothermic machine perfusion.
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Combined series microvascular perfusion (n=13)












































Fig. 5.1 Regional microvascular and global perfusion during human kidney machine
reperfusion.
To investigate regional variations in microvascular perfusion (MVP) during transplant reper-
fusion and compare against current measurements during machine perfusion, human kidneys
declined for transplantation from two series (n=12)) underwent 90 minutes of normothermic
machine reperfusion. Simultaneously, MVP was measured in the cortex and medulla (A) and
compared against global kidney perfusion (B). * P>0.0001, two-tailed Mann-Whitney test.
Values are mean and SEM.
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Combined series early microvascular perfusion (n=13)
Fig. 5.2 Regional microvascular perfusion during early machine reperfusion.
To examine early variation in regional blood flow during transplant reperfusion, microvascular
perfusion (MVP) was measured in two series of human kidneys declined for transplantation
(n=12) during the first 15 minutes of normothermic machine reperfusion. BPU, Blood
perfusion units. P=0.105, two-tailed Mann-Whitney test. Values are mean and SEM.
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Combined series microvascular perfusion (n=13)












































Fig. 5.3 Regional tissue oxygenation and global perfusion during human kidney ma-
chine reperfusion.
To investigate regional variations in tissue oxygenation ( PtO2) during transplant reperfusion
and compare against current machine perfusion measurements , human kidneys declined for
transplantation from two series (n=12)) underwent 90 minutes of normothermic machine
reperfusion. Regional PtO2 was measured simultaneously in cortex and medulla (A) and
compared against global kidney perfusion (B). * P>0.0001, two-tailed Mann-Whitney test.
Values are mean (SEM).
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Fig. 5.4 Regional variations in oxygenation and perfusion during machine reperfusion.
The simultaneous variations in tissue oxygenation (PtO2) and microvascular perfusion (MVP)
during 90 minutes of machine reperfusion of human kidneys (n=12) were measured in the
cortex (A) and medulla (B). Values are 10-minute mean (SEM).
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Fig. 5.5 Correlation matrix of renal function, oxygen kinetics and regional perfusion
during machine reperfusion.
Twelve human kidneys declined for transplantation underwent machine reperfusion for 90
minutes. Renal function and regional oxygenation/perfusion measurements were assessed for
correlation. Values depicted are Spearman’s rank coefficient (r-value). Green shading denote
a significant positive relationship; red shading denotes a significant negative relationship.
There was a strongly positive correlation between medullary tissue oxygenation (PtO2) and
urine output (UO, P=0.0003). There was a significant positive relationship between medullary
microvascular perfusion (MVP) and PtO2 (P=0.01). There were weakly-positive correlations
between cortical MVP and medullary MVP (P=0.01), global renal blood flow (RBF, P=0.04)
and medullary PtO2 (P=0.01). There was further a weakly-positive correlation between
medullary MVP and medullary PtO2 (P=0.01). CrCl, creatinine clearance; FENa, fractional
excretion of sodium; CaO2, perfusate oxygen content; DO2, oxygen delivery; VO2, oxygen
consumption; OER, oxygen extraction ratio.
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Fig. 5.6 The relationship between medullary oxygenation and urine output during ma-
chine reperfusion.
The relationship between medullary tissue oxygenation (PtO2) and urine output (UO) during
machine reperfusion of human kidneys declined for transplantation (n=12) was assessed by
linear regression. Each point represents a reading from one kidney at either 60 or 90 minutes
reperfusion. R-square goodness of fit (r2), significance of slope deviation from zero P.



























Fig. 5.7 Regional fibrin deposition in human kidney following normothermic machine
perfusion.
Seven human kidneys declined for transplantation underwent machine reperfusion for 90
minutes, after which cortical and medullary tissue was stained for martius scarlet blue for
fibrin deposition. Representative images of cortex (A) and medulla (B) are shown. Percentage




Regional inflammatory gene expression
during human transplant kidney
normothermic machine perfusion
6.1 Introduction
The kidney is a complex solid organ comprised of as many as 26 differentiated cell types
spread across multiple specialised segments of its functional unit, the nephron [119]. The
circulation, oxygenation and cellular biology of each segment are optimised for renal function,
with the greatest differences being seen between the cortex and medulla. The critical influence
of ischaemia-reperfusion injury upon the trajectory of the renal allograft has long been
appreciated, with well-described cellular mechanisms and effects upon graft function and
survival (see section 1.3).
However, the manifold complexity of the kidney and dynamically-evolving nature of IRI
have hampered attempts to delineate the pathophysiology underpinning tissue- and organ-
level dysfunction in IRI and thus ameliorate its sizeable impact upon clinical transplantation.
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Longitudinal analyses of early inflammatory biomarkers have been correlated to later graft
function [148, 127] but no single biomarker of IRI is accepted as a reflection of current organ
state nor a prediction of its future performance [119]. Emerging next-generation sequencing
(NGS) techniques are being employed to overcome these challenges, and are permitting
more detailed transcriptional analysis of the evolution of the renal IRI phenotype, both in the
context of AKI and in TIRI [40].
Whilst NGS studies have characterised global or cortical transcriptional changes during
IRI, this new era is yet to impact significantly on our understanding of ischaemic damage
and repair in the renal medulla. Histological studies suggest disproportionate injury to
the renal medulla during IRI. In the previous chapter (5), we demonstrated widespread
disruption to renal medullary perfusion during early transplant perfusion, further supporting
the existence of a unique environment during this critical phase of transplantation. Examining
the renal medullary transcriptome during IRI may highlight broad, coordinated disruption
and dysregulation of cellular and physiological processes that may not be recognised by more
focused assays. Describing inflammatory pathways within the highly specialised kidney
regions may help guide target therapeutic strategies to ameliorate damage.
The aim of this study was therefore to investigate the effect of normothermic machine
perfusion upon human renal regional inflammatory gene expression, as compared to static
cold storage.
Related to our aim, we hypothesised that:
1. Normothermic machine perfusion would alter the expression of inflammatory genes
in both human renal cortex and medulla, when compared to a baseline of static cold
storage.
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2. Inflammatory gene expression in human renal medulla would demonstrate a different
pattern to that shown in human renal cortex during normothermic machine perfusion.
3. Because of the greater propensity of medullary tissue for ischaemic and reperfusion
damage, inflammatory gene expression would be greater in medulla when compared to
cortex.
6.2 Methodology
To investigate regional inflammatory gene expression in human transplant kidneys following
machine perfusion, cortical and medullary samples were taken from 7 unpaired kidneys at
the end of 90 minutes normothermic machine perfusion (as detailed in section 2.3.2). Hourly
perfusate and urine samples were taken as described in section 2.4.1. To act as a control
for the kidneys undergoing NMP, cortical and medullary samples were also taken from 4
unpaired kidneys during SCS. The same inclusion criteria were applied to these as to the
NMP kidneys (described in Chapter 5.2). RNA was extracted and assessed for concentration
and quality (section 2.4.5). The mRNA expression of a panel of 251 inflammatory genes
was quantified using the Nanostring nCounter (section 2.4.5). Because the priority of this
study was to investigate regional inflammatory gene expression differences, and due to
limited access to Nanostring processing, SCS and NMP samples were processed in different
batches. Regional gene expression during SCS and NMP and the effect of NMP, versus a
control of SCS, was analysed using Nanostring nCounter advanced analysis software (section
2.5). The normal in-vivo expression of selected genes over-expressed regionally during our
experiments was sought from the GTEx project portal (section 2.4.5) for comparison against
our own data.
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6.3 Results
6.3.1 Donor characteristics
Donor characteristics can be found in the results section of the previous chapter (5) in table
5.1. There were no significant differences between the platform and platform control kidneys
in terms of donor age or CIT. Of note, whilst all control kidneys were from DCD donors, 3
of the 7 platform kidneys were from DBD donors.
6.3.2 The effect of normothermic machine perfusion upon inflamma-
tory gene expression.
Paired cortical and medullary samples were taken from five kidneys following SCS, and six
kidneys following the period of NMP and normalized mRNA expression obtained (appendix
D). No quality control flags were raised during analysis. Principle component analysis
revealed distinct clustering of cortical inflammatory gene expression by treatment (Fig.6.1A);
unsupervised clustering of all cortical gene expression by Euclidean distance and average
linkage also grouped total geneset expression by treatment (Fig.6.1B). Twenty four genes
were significantly differentially expressed by the cortex during NMP compared to SCS, with
10 upregulated and 14 downregulated (Fig.6.2). In the medullary tissue, the total inflammatory
geneset similarly grouped by treatment upon principle component analysis (Fig.6.3A) and
unsupervised heirarchical clustering (Fig.6.3B). Fifty-two genes were differentially expressed
in the medulla following NMP, with 22 upregulated and 30 downregulated when compared
to SCS (Fig.6.4).
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6.3.3 Regional inflammatory gene expression during static cold stor-
age (SCS)
Five paired samples of SCS kidney cortex and medulla were analysed. Principle component
analysis revealed overlapping prediction ellipses suggesting that there was no distinct cluster-
ing by kidney region (Fig.6.5A). Unsupervised clustering of all data by Euclidean distance
and average linkage similarly did not reveal sample clustering by region Fig6.5B).
Differential gene expression
In total, 26 genes were significantly differentially expressed in the medulla during SCS
when compared to the cortex (Fig.6.6A). Three genes were significantly underexpressed
in medullary tissue by log2 fold changes of -1.5 or greater; Interleukin-6 Receptor (IL6R),
Complement component 4A (C4A) and Complement component 2 (C2). Two genes were
significantly upregulated in medullary tissue; Complement Factor D (CFD) and Phospholi-
pase A2 group 4A (PLA2G4A)(Fig.6.6B). When gene expression data were fitted to selected
GO pathway scores (using nCounter advanced analysis) there was no clustering of samples
by their region (Fig.6.7).
6.3.4 Regional inflammatory gene expression during normothermic ma-
chine perfusion
Six paired samples of kidney cortex and medulla from the end of normothermic machine
perfusion were analysed. Samples from one kidney were not analysed due to low RNA yield
and quality. Initial PCA suggested that one medulla sample, lying within the cortex prediction
ellipse, may have been cortical tissue. This sample was therefore removed from further
analysis. Subsequent PCA revealed distinct clustering of inflammatory gene expression based
on kidney region (Fig.6.8A); unsupervised clustering of all reperfusion gene expression by
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Euclidean distance and average linkage was also suggestive of clustering by kidney region
(Fig.6.8B).
Differential gene expression
Nineteen genes were significantly differentially expressed in the medullary samples at the
end of perfusion when compared to cortical samples (Fig.6.9A). Complement C-4A was
significantly underexpressed in medullary tissue by log2 fold change of greater than -1.5.
Three genes were significantly over-expressed in medullary tissue by a log2 fold change
>1.5; IL6, CCL2 and CXCL1. When gene expression data were fitted to selected GO pathway
scores, medullary tissue demonstrated greater activation of a broad range of biological process
pathways including inflammatory response, programmed cell death, signal transduction and
biopolymer metabolic process (Fig.6.10).
6.4 Discussion
Using an NMP model of transplant reperfusion and a novel highly-sensitive digital barcod-
ing technology we described compartmental inflammatory gene expression during static
cold storage and early reperfusion of human transplant kidneys. Our main findings were
that simulated transplant reperfusion leads to distinct regional expression of inflammatory
genes that had been similarly expressed during prior static cold storage. This suggests the
presence of a unique medullary inflammatory environment during early reperfusion that
may prove mechanistically important in understanding why the human renal medulla fairs
poorer following transplantation. This study represents the first description of regional
differences in inflammatory gene expression in the human transplant kidney during simulated
reperfusion, and the most comprehensive examination of inflammation during normothermic
machine perfusion to date. Our findings are important because few descriptions of medullary
inflammation during IRI exist; and they may illuminate mechanisms of a pathological state
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common to several forms of acute kidney injury. They further complement physiological data
from previous chapters, building up a more complete picture of reperfusion pathophysiology.
6.4.1 The effect of normothermic machine perfusion upon inflamma-
tory gene expression
Somewhat unsuprisingly, NMP prompted a striking difference in inflammatory gene ex-
pression when compared to SCS, both in cortical and medullary tissue. This is consistent
with earlier work demonstrating changes to inflammatory gene expression during NMP, and
importantly, these data agree with existing transcriptomic analysis of renal cortical tissue
after NMP and clinical reperfusion.
In a pre-clinical series of human kidneys subjected to NMP, SCS or whole-blood ma-
chine reperfusion Hameed et al. demonstrated upregulation of pro-inflammatory cytokines,
chemokines and heat shock proteins [67]. One of the genes most upregulated following NMP
in that study, C-C Motif Chemokine Ligand 2 (CCL2), was also significantly differentially
expressed after NMP in our study here. Cippà and colleagues performed transcriptome
analysis of 163 protocol biopsy samples from 42 kidney transplant recipients at the end of
SCS and immediately following clinical reperfusion [40]. Their analyses showed a rapid up-
regulation of immediate-early genes involved in stress and inflammatory responses following
reperfusion in all patients. Seven of the ten genes over-expressed in the cortex after NMP in
our study (CCL2, CEBPD, CXCL2, IRF1, JUN, MYC and TNFAIP3) were also differentially
expressed in Cippa et al’s early clinical reperfusion transcriptome (supplementary data from
[40]), suggesting that the inflammatory signatures seen in our study may have considerable
applicability to early clinical post-reperfusion phase. Furthermore, the broad concordance
of these datasets provide some validation of the Nanostring molecular-barcoding technique
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against other next-generation sequencing techniques, and also reassure against a gross batch
effect, as the SCS samples and NMP samples were analysed in separate batches.
6.4.2 Regional inflammatory gene expression during static cold stor-
age
Principal component analysis and k-means clustering did not reveal any clear grouping of
SCS samples by region (Fig.6.5). This would suggest that, during cold storage following
retrieval ischaemia, there were no differences between renal compartments in terms of
inflammatory gene expression.
Despite broadly similar inflammatory profiles, there was some differential transcription,
with reduced medullary transcription of complement components C2 and C4 and interleukin-
6 receptor (IL6R), and greater expression of complement factor D (CFD) and cytosolic
phospholipase A2 (PLA2G4A).
Kidneys in the SCS control group had already undergone a significant and heterogeneous
period of warm ischaemia followed by cold ischaemia. In a porcine model of DCD kidney
retrieval, Giraud et al. described alterations to cortical and CMJ gene expression, both
immediately after a period of warm ischaemia and later changes following a period of
cold storage. However, only one gene differentially expressed during our SCS experiment,
complement factor D (CFD), was affected by cold ischaemia and only then in the cortical
tissue [60]. Song and colleagues described greater relative expression of C2, C3 and C4
in tubular fractions than medullary fractions of normal human kidney post-nephrectomy
[154], consistent with our finding of greater baseline cortical expression of C2 and C4A (an
isoform of C4). In the kidney, phospholipase A2 activity broadly affects many processes
including modulating vascular tone, glomerular filtration rate, solute, and water transport
and inflammation, through eicosanoid synthesis [17]. Whilst PLA2G4A knockout mice
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exhibit long-term urine-concentrating defects [43], the conclusions we can draw from basal
overexpression in the human renal medulla are limited since it has such broad functions.
Furthermore, the five most regionally-enriched genes in Fig. 6.6B were clustered by compart-
ment when selected from the GTEx dataset of normal human tissue expression (Fig.6.6C).
Finally, when expression data were fitted to biological pathways, samples did not cluster
by region (Fig.6.7). Thus, the regionally-enriched transcripts present during SCS are likely
to represent baseline differences in tissue expression, rather than regional differences in
inflammation during static cold storage.
6.4.3 Regional inflammatory gene expression during machine reperfu-
sion
In contrast to SCS, there was significantly altered regional inflammatory gene expression
during NMP reperfusion. The inflammatory panel of 256 genes clustered by region (as
demonstrated by hierarchical clustering, Fig.6.4 and principle component analysis). Over-
all, medullary reperfusion led to greater metabolic activity, inflammation and cell death,
as evidenced by regional pathway scores (Fig.6.6), suggesting that kidney compartments
orchestrate a distinct inflammatory response to simulated transplant reperfusion injury.
Nineteen genes were significantly differentially expressed by the cortex and medulla during
reperfusion (Fig.6.9A). Notably, only 2 genes (C4A and Mitogen-Activated Protein Kinase
1, MAPK1) were significantly regionally enriched during both SCS and NMP reperfusion,
suggesting the majority of altered transcription occurred in response to reperfusion, rather
than basal expression.
The most significantly over-expressed medullary genes were IL6, CCL2 and CXCL1
(Fig.6.9B). Interleukin-6 is an immunomodulatory cytokine with numerous renal roles
executed through a number different signalling cascades. In IRI, IL-6 is widely produced by
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kidney cells and resident macrophages and has a maladaptive and largely pro-inflammatory
effect, promoting neutrophil activation alongside microvascular dysfunction, tubular atrophy
and promotion of tubulointerstitial fibrosis [159]. Kielar and colleagues demonstrated
reperfusion-dependent macrophage-derived IL-6 production in the outer medulla of murine
kidneys after ischaemia-reperfusion [95]. This reperfusion expression of IL-6 has also been
shown in the murine cortex [46], but there has been no direct comparison of compartmental
expression during reperfusion. Clinically, urine IL-6 levels have been shown to correlate
with acute graft rejection [164].
Medullary expression of CCL2 and CXCL1 were significantly higher than the cortex
during reperfusion, and such differences were not seen during SCS baseline. CCL2 and
CXCL2 are chemokines constitutively expressed for homeostatic functions (such as regulating
lymphocyte trafficking from blood to lymph nodes) and are induced during inflammatory
responses to promote tissue infiltration of monocytes, basophils, T lymphocytes and NK
cells for tissue defence and repair [99, 146]. Tubular epithelial expression of a number of
monocyte chemotactic molecules, including CCL2 and CXCL1, increases in proportion to
renal interstitial hypersalinity, and greater basal expression of CXCL1 and CCL2 has been
demonstrated in the medulla putatively as part of a zonal response to combat ascending
infections [24]. That we did not replicate this basal enrichment could theoretically represent
disruption to medullary salinity during cold storage, due to the infusion of hyponatraemic
preservation solution [23].
In a similar manner to IL-6, elevated urinary levels of CCL2 in the early phase post-
transplantation have been demonstrated to be an independent predictor of 24-month interstitial
fibrosis and tubular atrophy, histological surrogates of graft loss and indeed an early predictor
for graft loss, independent of early acute rejection and donor-specific antibody (DSA)
[73]. Whilst there is less evidence of the influence of the CXCL1 chemokine on renal
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transplantation, it has a well-defined pro-inflammatory role in experimental AKI mediating
neutrophil recruitment and activation during renal IRI [39].
Thus, during simulated reperfusion there is significant medullary over-expression of a
number of detrimental pro-inflammatory cytokines associated with prolonged acute tissue
injury and later fibrosis.
6.4.4 Limitations
This study examined a heterogeneous group of kidneys with varying sex, pre-terminal injury
mechanism, WIT and CIT. It therefore describes regional inflammation in kidneys similar
to those that would be considered clinically for a trial NMP. However, whilst kidneys for
this study came from both DCD and DBD donors, it is likely that only DCD kidneys would
initially be considered for NMP.
We used a clinically relevant model of human kidney normothermic machine perfusion,
with an identical protocol to that used in a current clinical trial. There is however evidence
that periods of NMP longer than 90 minutes may be beneficial for graft outcomes [90,
92, 91], although transcriptomic data from these protocols are not yet forthcoming. As
other physiological markers of overall graft health appear to benefit from longer periods of
perfusion, the striking relative medullary inflammation shown in this study may also benefit
from longer perfusions.
Normothermic machine perfusion appears to prompt an inflammatory response that is
broadly similar to that seen in early clinical reperfusion. However, the absence of infiltrating
immune cells (from whole blood) and addition of prostacyclin and steroid are likely to have
influenced gene expression. Hameed et al. demonstrated 65 differentially expressed cortical
genes in a period of whole-blood machine reperfusion, when compared to a prior period of
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NMP with a similar protocol to the one employed here [67]. There are limits therefore to the
conclusions about medullary inflammation in early reperfusion that we can draw from this
experiment.
The low number of kidneys sampled (5 and 6 in the SCS and NMP groups respectively)
and single-data-points collected represent the high value but relative paucity of human
kidneys available for perfusion experimentation. There are also inherent difficulties in
obtaining medullary tissue, which is impossible during NMP due to subsequent haemorrhage.
Unfortunately, these low numbers and single data-points precluded meaningful correlation of
transcriptomic expression data with physiological parameters or biomarkers during NMP,
although there are no widely-accepted urinary or serum biomarkers of medullary health.
Tissue samples were taken immediately post-perfusion from the bivalved kidney, where
corticomedullary and medullary-papillary borders were not always well delineated. One
’medullary’ sample (M1) clustered consistently with cortical samples, suggesting that this
was either a cortical or CMJ sample, and thus was lost to analysis. However, the repeated and
distinct medullary clustering and grouping based on principle component analyses supports
the notion that, broadly, samples came from the same tissue areas.
The Nanostring molecular barcoding technique is validated method of gene expression
quantification, and a viable alternative to high throughput RNA sequencing methods (RNA-
seq), that avoids the associated issues of amplification bias and detailed computational
analysis [132]. It permits focused analysis of gene subsets and thus requires a degree of
a-priori panel selection and hypothesis-driven experimental design. The panel used for
this experiment, designed for ’focused screening of the inflammation response’; has a
relatively small pre-selected geneset of 251 genes that precludes the detailed initial study of
underlying pathway activation. Given that there are at least 26 differentiated cell types in the
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adult renal parenchyma [119] our division of samples into only two anatomical areas likely
limits the mechanistic conclusions we can draw. Furthermore, we have not undertaken any
confirmatory experiments by alternate methods such as histology or immunohistochemistry
that may help to localise or delineate cellular roles in the regional inflammation that we have
demonstrated. Because the priority of this study was to investigate regional inflammatory
gene expression differences, and due to limited access to Nanostring processing, SCS and
NMP samples were processed in different batches. The concordance of cortical inflammatory
gene upregulation between this study and previous studies, on broad terms and including
specific gene expression, adds weight to the plausibility of these findings. However, we cannot
exclude the possibility that the differences demonstrated in inflammatory gene expression
between treatments (i.e. the comparisons of cortical expression across SCS and NMP)
were due to a batch effect rather than biological effect and no effort to account for this
computationally (e.g. [104]) was undertaken.
6.4.5 Conclusions and future work
Normothermic machine perfusion of human kidneys prompts a marked early inflammatory
response in both renal cortex and medulla, when compared to static cold storage, with
distinctive regional patterns. The renal medulla in particular over-expresses cytokines
associated with a vigorous pro-inflammatory response in transplant reperfusion injury, that
have been correlated with poor initial and later graft function, suggesting that medullary
reperfusion injury is under-recognised and may critically influence transplantation outcome.
To better understand the evolving pathophysiology of early regional reperfusion injury,
future work should look to examine human transplant kidneys during longer periods of
perfusion, ideally utilising a whole-genome-sequencing technique such as RNA-seq, and
correlate transcription with regional oxygenation, perfusion and renal function.
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Fig. 6.1 The effect of normothermic machine perfusion upon human renal cortex in-
flammatory gene expression.
To compare renal cortex inflammatory gene expression during SCS and NMP, ribonucleic
acid (RNA) was extracted during cold storage (n=5) and after 90 minutes of normothermic
machine reperfusion (n=6) and analysed for messenger RNA (mRNA) expression of a multi-
plex of 251 inflammatory genes using the Nanostring nCounter digital counter. (A and B)
Principle component analysis (PCA) of global mRNA expression. Each point represents the
global mRNA expression in one sample. The X and Y axis represent the percentage of total
variance explained by the first and second principle component (PC1 and PC2). Prediction
ellipses represent areas into which new observations from the same group will fall with 95%
probability. (B) Heatmap of all normalized data, scaled to give all genes equal variance.
Each coloured box represents a cumulative z-score for normalised gene expression, with red
indicating greater expression and blue indicating lower expression. Rows and columns are
clustered by Euclidean distance and average linkage. R, Reperfusion sample; C, Control
(SCS) sample.
























































Fig. 6.2 Differential cortical inflammatory gene expression during cold storage and
normothermic machine perfusion.
To investigate cortical inflammatory responses to normothermic machine perfusion, ribonu-
cleic acid (RNA) was extracted during cold storage (n=5) and after 90 minutes of normother-
mic machine reperfusion (n=6) and analysed for messenger RNA (mRNA) expression of a
multiplex of 251 inflammatory genes using the Nanostring nCounter digital counter. All 24
genes significantly (P=0.05) differentially expressed during NMP vs. SCS were clustered by
Euclidean distance and average linkage. Each coloured box represents a cumulative z-score
for log2 differential expression, scaled to give genes equal variance, with red indicating
greater expression and blue indicating lower expression. Rn, NMP sample ID; Cn, SCS
sample ID.























































































































































































































































































































Fig. 6.3 The effect of normothermic machine perfusion upon human renal medullary
inflammatory gene expression.
To compare renal medulla inflammatory gene expression during SCS and NMP, ribonucleic
acid (RNA) was extracted during cold storage (n=5) and after 90 minutes of normothermic
machine reperfusion (n=6) and analysed for messenger RNA (mRNA) expression of a
multiplex of 251 inflammatory genes using the Nanostring nCounter digital counter. (A and
B) Principle component analysis (PCA) of global mRNA expression. Each point represents
the global mRNA expression in one sample. The X and Y axis represent the percentage
of total variance explained by the first and second principle component (PC1 and PC2).
Prediction ellipses represent areas into which new observations from the same group will
fall with 95% probability. (B) Heatmap of all normalized data, scaled to give all genes equal
variance. Each coloured box represents a cumulative z-score for normalised gene expression,
with red indicating greater expression and blue indicating lower expression. Rows and
columns are clustered by Euclidean distance and average linkage. nM, sample number.





















































































Fig. 6.4 Differential medullary inflammatory gene expression during cold storage and
normothermic machine perfusion.
To investigate medullary inflammatory responses to normothermic machine perfusion, ri-
bonucleic acid (RNA) was extracted during cold storage (n=5) and after 90 minutes of
normothermic machine reperfusion (n=6) and analysed for messenger RNA (mRNA) ex-
pression of a multiplex of 251 inflammatory genes using the Nanostring nCounter digital
counter. All 52 genes significantly (P=0.05) differentially expressed during NMP vs. SCS
were clustered by Euclidean distance and average linkage. Each coloured box represents a
cumulative z-score for log2 differential expression, scaled to give genes equal variance, with
red indicating greater expression and blue indicating lower expression. Rows and columns
are clustered by Euclidean distance and average linkage. nM, sample ID.
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Fig. 6.5 Inflammatory gene expression in human renal cortex and medulla during static
cold storage (SCS).
To investigate intrarenal regional differences due to transplant ischaemia and storage, ribonu-
cleic acid (RNA) was extracted from human renal cortex and medulla (n=5 paired samples)
during cold static cold storage (SCS, mean time X hrs mins) and analysed for messenger RNA
(mRNA) expression of a multiplex of 251 inflammatory genes using the Nanostring nCounter
digital counter. (A) Principle component analysis (PCA) of global mRNA expression. Each
point represents the global mRNA expression in one sample. The X and Y axis represent the
first and second principle component (PC1 and PC2) that explain 40.9% and 16.9% of the
total variance respectively. Prediction ellipses represent areas into which new observations
from the same group will fall with 95% probability. N=11 data points. (B) Heatmap of all
normalized data, scaled to give all genes equal variance. Each coloured box represents a
cumulative z-score for normalised gene expression, with red indicating greater expression
and blue indicating lower expression. Rows and columns are clustered by Euclidean distance
and average linkage.
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Fig. 6.6 Differential inflammatory gene expression in human renal medulla and cortex
during static cold storage.
To investigate intrarenal regional differences to transplant ischaemia and storage, ribonucleic
acid (RNA) was extracted from human renal cortex and medulla (n=5 paired samples)
during cold static cold storage (SCS, mean time X hrs mins) and analysed for messenger
RNA (mRNA) expression of a multiplex of 251 inflammatory genes using the Nanostring
nCounter digital counter. (A) Heatmap of all genes significantly(P=0.05) differentially
expressed in renal medulla vs. cortex. Each coloured box represents a cumulative z-score
for log2 differential expression, scaled to give genes equal variance, with red indicating
greater expression and blue indicating lower expression. Rows and columns are clustered
by Euclidean distance and average linkage. (B) Volcano plot describing the magnitude and
significance of differential gene expression in medullary samples as compared to cortical
samples. Each point represents the combined fold-change of a gene in medullary samples
compared to cortical samples. Vertical lines represent a fold change of log2 1.5 and -1.5
respectively. The Y-axis line at 1.31 represents a significance of 0.05. Genes that have
a statistically significant fold-change >1.5 are coloured and labelled. IL6R, Interleukin 6
Receptor; C4A, complement factor 4; C2, complement factor 2; CFD, complement factor D;
PLA2G4A, phospholipase A2 group 4A. (C) Five genes with significant regional enrichment
in Fig. 6.6A were interrogated in the GTEx database and clustered hierarchically. TPM,
transcripts-per-million. Heatmap scale denotes linkage distance.
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Fig. 6.7 Pathway scores of human renal cortex and medulla during static cold storage.
To review the effect of transplant reperfusion upon inflammatory pathways in different kidney
regions, inflammatory gene expression data from paired cortical and medullary samples
(n=5) during static cold storage (SCS) were fit to selected pathway scores using Nanostring
advanced analysis software. Pathway scores were fitted using a linear combination of
pathway gene expression, weighted to capture the greatest variability in the data using
principle component analysis. Increasing scores correspond to a positive weight for at least
half of a pathway’s genes. Pathways and samples were then clustered by Euclidean distance
and average linkage. nC, cortical sample; nM, medullary sample.
























































































































































































































































































































Fig. 6.8 Inflammatory gene expression in human renal cortex and medulla during nor-
mothermic machine perfusion.
To investigate intrarenal regional responses to transplant reperfusion, ribonucleic acid (RNA)
was extracted from human renal cortex and medulla (n=5 paired samples) after 90 minutes of
normothermic machine reperfusion and analysed for messenger RNA (mRNA) expression
of a multiplex of 251 inflammatory genes using the Nanostring nCounter digital counter.
(A and B) Principle component analysis (PCA) of global mRNA expression. Each point
represents the global mRNA expression in one sample. The X and Y axis represent the
percentage of total variance explained by the first and second principle component (PC1
and PC2). Prediction ellipses represent areas into which new observations from the same
group will fall with 95% probability. In (B) the medullary sample outlying in the cortical
prediction ellipse (M1) was removed. (C) Heatmap of all normalized data, scaled to give
all genes equal variance. Each coloured box represents a cumulative z-score for normalised
gene expression, with red indicating greater expression and blue indicating lower expression.
Rows and columns are clustered by Euclidean distance and average linkage. nC, cortical
sample; nM, medullary sample.
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Fig. 6.9 Differential inflammatory gene expression in human renal cortex and medulla
during normothermic machine perfusion.
To investigate intrarenal regional responses to transplant reperfusion, ribonucleic acid (RNA)
was extracted from human renal cortex and medulla (n=5 paired samples) after 90 minutes of
normothermic machine reperfusion and analysed for messenger RNA (mRNA) expression
of a multiplex of 251 inflammatory genes using the Nanostring nCounter digital counter.
(A) Heatmap of all genes significantly(P=0.05) differentially expressed in renal medulla vs.
cortex. Each coloured box represents a cumulative z-score for log2 differential expression,
scaled to give genes equal variance, with red indicating greater expression and blue indicating
lower expression. Rows and columns are clustered by Euclidean distance and average linkage.
nC, cortical sample; nM, medullary sample (B) Volcano plot describing the magnitude and
significance of differential gene expression in medullary samples as compared to cortical
samples. Each point represents the combined fold-change of a gene in medullary samples
compared to cortical samples. Vertical lines represent a fold change of log2 1.5 and -1.5
respectively. The Y-axis line at 1.31 represents a significance of 0.05. Genes that have a
statistically significant fold-change >1.5 are coloured and labelled. C4A, complement C4A ;
IL6, interleukin-6; CCL2, C-C motif chemokine ligand 2 ; CXCL1, C-X-C motif chemokine
ligand 1.


















































Fig. 6.10 Pathway scores of human renal cortex and medulla following normothermic
machine perfusion.
To review the effect of transplant reperfusion upon inflammatory pathways in different
kidney regions, inflammatory gene expression data, from paired cortical and medullary
samples (n=5) after normothermic machine reperfusion, were fit to selected pathway scores
using Nanostring advanced analysis software. Pathway scores were fitted using a linear
combination of pathway gene expression, weighted to capture the greatest variability in the
data using principle component analysis. Increasing scores correspond to a positive weight
for at least half of a pathway’s genes.
Chapter 7
Overall conclusions and future directions
The overall aims of this project were to use the normothermic machine perfusion of porcine
and human kidneys to address gaps in our knowledge surrounding optimal perfusion condi-
tions during NMP, and to examine patterns of regional oxygenation, perfusion and inflamma-
tion during transplant reperfusion.
7.1 Optimising perfusion conditions for kidney NMP
Through the perfusion of porcine kidneys with sequentially lowered perfusate oxygen, it was
demonstrated that porcine kidneys could tolerate normoxic and even hypoxic normothermic
perfusion without suffering increased injury or detriment to renal function. However, addition
of carbon dioxide gas to perfusate was essential for pH maintenance.
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7.2 Exploring regional variations in kidney perfusion, oxy-
genation and inflammation during NMP
An initial aim of this line of investigation was to ascertain baseline values for regional
perfusion and oxygenation in the pre-ischaemic porcine kidney, as little data existed on
the porcine renal medulla in particular, despite this being the large-animal model of choice
in transplantation research. We were able to measure microvascular perfusion and tissue
oxygenation in the cortex and medulla of the anaesthetised pig, and offer the first description
of widespread and divergent changes to regional perfusion and oxygenation during subsequent
clinically-relevant model of NMP.
We subsequently investigated the effects of NMP upon regional perfusion and oxygena-
tion in a series of human kidneys in greater detail, and demonstrated profound and prolonged
regional changes to microcirculation associated with greater medullary fibrin deposition. Of
clinical importance, these regional changes, which may have significant impact on early and
late graft function, were not readily identifiable by examining currently-used markers of
renal function and haemodynamics during NMP.
Given the disparate effects of NMP upon kidney microvasculature, we finally questioned
whether normothermic perfusion of human kidneys would prompt differential regional inflam-
mation by examining human kidney cortical and medullary expression of an inflammatory
gene panel. We were able to study and sample the renal medulla with relative ease during
NMP, underlining the great value of this technique to the study of human renal physiology.
We found that NMP provoked a marked inflammatory response in both renal cortex and
medulla, but that there was particular medullary over-expression of cytokines associated with
poor initial and later graft function.
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Together, these findings strongly suggest that the human renal medulla experiences a
unique, under-recognised and more hostile environment during NMP and early transplant
reperfusion; one that may critically influence transplantation outcome.
7.3 Future directions
Our findings regarding perfusate oxygenation align with a field-wide move towards NMP
conditions that more closely mimic normal physiology. Two major lines of current investiga-
tion regarding renal NMP optimisation include prolonged periods of perfusion, and the use
of urine re-circulation in place of replacement crystalloid fluid (for example [168]). Given its
non-inferiority to current hyperoxic protocols and possible reduction of oxidative damage,
trialling a normoxic perfusate during such prolonged NMP protocols would appear logical.
Normothermic machine perfusion will continue to be an ideal platform for further inves-
tigation of both the pathophysiology and potential amelioration of the challenging medullary
environment for which we have provided initial evidence. Recent developments in our group,
regarding the successful use of plasminogen and tissue plasminogen activator to reduce
cortical fibrin deposition and associated vascular plugging [42], raise the exciting possibility
that a similar medullary predicament is amenable to therapeutics.
Investigation of the effect of plasminogen/tPA administration upon medullary fibrin
deposition therefore represents a clear research priority; alongside the use of more granular
sequencing techniques and measurement of compartmental oxygen kinetics and perfusion.
Such a protocol would not only explore a therapeutic avenue with the potential for rapid
clinical deployment, but also help better understand the relative importance of early vascular
disturbance to ongoing graft health and function.
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7.4 Final Conclusions
In summary, we have described novel porcine and human renal medullary physiology and
inflammation during transplant reperfusion that highlight the need for medulla-specific
strategies to ameliorate IRI. We have further determined changes to renal physiology and
injury in response to perfusate oxygenation in a novel preservation technology that may
guide clinical implementation.
Overall we hope that, through guiding the optimisation of transplant perfusion and stimu-
lating further interest in medullary pathophysiology, this work will contribute to improving
patient outcomes in transplantation and acute kidney injury.
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B.1 Creating brightfield image colour map
%load images and select pos/neg regions
close all
clear all
images = [dir(’*02.tif’); dir(’*03.tif’)];
%loads images but does not read them yet












f1.OuterPosition = [0 0.2 0.9 0.8];
imshow(img.ui8)
% select first positive region




% select second positive region
h = msgbox(’Select positive region 2’);
uiwait(h);
%display(’Select positive region 2’)
findposreg2 = roipoly();
img.findposreg2 = findposreg2;
% make array where 1 is in selected positive regions and 0 is not
img.index_pos = img.findposreg1 + img.findposreg2;
B.1 Creating brightfield image colour map 159
% make index of the linear index of selected positive pixels
idx_pos = sort(unique(cat(1,find(img.findposreg1),find(img.findposreg2))));
% select first negative region




% select second negative region




% make array where 1 is in selected negative regions and 0 is not
img.index_neg = img.findnegreg1 + img.findnegreg2;
% make index of the linear index of selected negative pixels
idx_neg = sort(unique(cat(1,find(img.findnegreg1),find(img.findnegreg2))));
% convert to an indexed image with a colormap, display image




%second input in this function is the number of colors
%will run faster with fewer colors but you will get more false negative pixels
else




% find all colors from colormap in both positive and negative selected regions
poscolors = sort(unique(X(idx_pos)));
negcolors = sort(unique(X(idx_neg)));
% make a list of all colors that
nooverlap = poscolors(find(-1*(ismember(poscolors,negcolors) - 1)));
for ll = 1:(size(X,1)*size(X,2))



















B.2 Quantifying brightfield image positive areas
close all
clear all
images = dir(’*.tif’); %loads images but does not read them yet





for ii = 1:length(images)









for ll = 1:(size(indimage,1)*size(indimage,2))










B.2 Quantifying brightfield image positive areas 163







img.stain = zeros(img.height, img.width);
for kk = 1:conncomp.NumObjects




% calculate the positive pixel number
pos_area = nnz(img.stain);










if save_images == 1
picturename = sprintf([img_name(1:end-4) ’_detected_stain’]);
saveas(gcf, picturename,’tif’);
end









C.1 Chapter 4 supplementary figures
C.2 Chapter 5 supplementary figures
166 Supplementary Figures


























Fig. C.1 The effect of dimethyl-malonate (DMM) upon renal blood flow during porcine
kidney machine perfusion.
As part of another unrelated experiment, the novel mitochondrial antioxidant compound
dimethyl-malonate (DMM) was delivered in the cold flush to one kidney in each pair of
those used in Chapter 4. To determine whether kidneys receiving this compound should
be excluded from experiments investigating regional blood flow and oxygenation, the renal
blood flow (RBF) over the normothermic machine perfusion period was compared in control
(n=3) and DMM (n=3) kidneys were analysed alone. P-value is for Mann-Whitney U-value.
C.2 Chapter 5 supplementary figures 167



































Pilot - controls only (n=5)
A
B




















Fig. C.2 Pilot and platform group regional microvascular perfusion during human
kidney machine reperfusion.
To investigate regional variations in kidney perfusion during transplant reperfusion, two series
of human kidneys declined for transplantation (Pilot, n=13 and Platform, n=7)) underwent
normothermic machine reperfusion for 90 minutes. Microvascular perfusion (MVP) was
measured simultaneously in the cortex and medulla; a subgroup of controls from the Pilot
series (n=5) was also analysed separately. A, Pilot series, *P<0.0001 ; B, Pilot control
kidneys, **P=0.025 ; C, Platform series, #P<0.0001. ; all two-tailed Mann-Whitney test.
Mean and SEM.
168 Supplementary Figures






























Pilot - controls only (n=5)
B
C














Fig. C.3 Pilot and platform group regional tissue oxygenation during human kidney
machine reperfusion.
To investigate regional variations in kidney oxygenation during transplant reperfusion, two
series of human kidneys declined for transplantation (Pilot, n=13 and Platform, n=7)) un-
derwent normothermic machine reperfusion for 90 minutes. Tissue oxygenation (PtO2) was
measured simultaneously in the cortex and medulla; a subgroup of controls from the Pilot
series (n=5) was also analysed separately. A, Pilot series, *P<0.0001 ; B, Pilot control




D.1 Nanostring nCounter human inflammation panel gene
list



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































186 Nanostring Geneset Data
D.2 Cortical tissue normalized mRNA counts
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